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ABSTRACT 

 

MOLECULAR DYNAMICS SIMULATIONS OF GR/GO-
POLYURETHANE/POLYUREA NANOCOMPOSITES 

 
 
 

Sak, Berin 
Master of Science, Micro and Nanotechnology 

Supervisor: Assist. Prof. Dr. Erol Yıldırım 
Co-Supervisor: Assoc. Prof. Dr. Hande Toffoli 

 
 

September 2024, 104 pages 

 

 

Graphene/graphene oxide-polyurethane/polyurea nanocomposites hold great 

potential in industrial applications by combining the versatile attributes of 

polyurethane/polyurea (matrix) with enhanced properties of graphene and graphene 

oxide (nanofiller). Even though polyurethane and polyureas are widely used in 

industry and graphene/graphene oxide reinforcement is shown in many studies in 

literature, the interaction and reinforcement mechanism between the nanofiller and 

polymer matrix is not clearly demonstrated at the molecular level.  

This thesis aims to elucidate enhanced mechanical properties of these 

nanocomposites. Therefore, it focuses on the effect of different hard and soft 

segments in polyurethane/polyurea structures, oxygen ratios in the nanofiller, 

nanofiller concentration, and interfacial interactions. Various matrices alongside 

varying oxygen percentages of nanofiller are modeled and simulated for 

comprehensive analysis. Interaction energies at ab initio and classical levels, 

classical mixing energies, and Young’s modulus values are calculated using Density 

Functional Theory (DFT) and Molecular Dynamics (MD) simulation methods. It is 
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demonstrated that the self-interaction and aggregation of the nanofiller are the main 

limitations. It can be mitigated by increasing nanofiller-polymer interaction through 

structural control and decreasing the self-interaction of the nanofiller via functional 

groups on the surface. Oxygen/carbon ratio, functional group type, and their 

distribution on the graphene oxide, and selection of polymers with appropriate 

polarity for this graphene oxide should be optimized to obtain a strong interaction 

between the nanofiller and the matrix. Therefore, the polarity of the polymer 

segments, oxygen content on the graphene oxide, and hydrogen bonding capabilities 

between the nanofiller and polymer are determined as the most critical parameters. 

 

Keywords: Molecular Dynamics Simulations, Graphene, Graphene Oxide, 

Polyurethane, Interaction Energy. 
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ÖZ 

 

GR/GO-POLİÜRETAN/POLİÜRE NANOKOMPOZİTLERİNİN 
MOLEKÜLER DİNAMİK SİMÜLASYON YÖNTEMLERİ İLE 

İNCELENMESİ 
 
 

Sak, Berin 
Yüksek Lisans, Mikro ve Nanoteknoloji 

Tez Yöneticisi: Dr. Öğr. Üyesi Erol Yıldırım 
Ortak Tez Yöneticisi: Doç. Dr. Hande Toffoli 

 

 

Eylül 2024, 104 sayfa 

 

 

Grafen/grafen oksit-poliüretan/poliüre nanokompozitleri, poliüretan ve poliürelerin 

(matris) sağladığı çok yönlü özelliklerle, gelişmiş özelliklere sahip grafen ve grafen 

oksit (dolgu malzemesi) yapılarını birleştirmeleriyle endüstride birçok alanda 

kullanılabilme potansiyellerine sahiptirler. Poliuretan ve poliüre yapılarının 

endüstride çokça kullanılması ve grafen/grafen oksit ile güçlendirilmesi literatürde 

birçok yayında gösterilmesine karşın dolgu malzemesi ile polimer matris yapıları 

arasındaki etkileşim ve güçlendirme mekanizması atomik seviyede kesin olarak 

bilinmemektedir.   

Bu tez, bahsedilen nanokompozitlerin gelişmiş mekanik özelliklerinin açıklanmasını 

amaçlamaktadır. Bu nedenle çalışma, farklı sert ve yumuşak segmentlerin, dolgu 

malzemesi üzerindeki farklı oksijen yüzdelerinin, kullanılan dolgu malzemesi 

konsentrasyonu ve arayüzey etkileşimlerinin etkisini araştırmaktadır. Çeşitli 

matrislerle farklı oksijen yüzdelerine sahip dolgu malzemesi, kapsamlı analizlerde 

kullanılmak üzere modellenmiştir. Ab-initio ve klasik hesaplama seviyelerinde 
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etkileşim enerjileri, klasik karışma enerjileri ve Young modülü değerleri, Yoğunluk 

Fonksiyonel Teorisi (DFT) ve Moleküler Dinamik (MD) simülasyonlar 

yöntemleriyle hesaplanmıştır. Dolgu malzemesinin kendisiyle olan etkileşimleri ve 

topaklanması bu malzemeleri kısıtlayan asıl etkilerdir. Yapıların kontrolüyle dolgu 

malzemesi-matris etkileşimi arttırılması ve dolgu malzemesi üzerindeki fonksiyonel 

grupların arttırılmasıyla kendisiyle yaptığı etkileşim düşürülerek bu etkiler 

azaltılabilmektedir. Dolgu malzemesi-matris arasında güçlü bir etkileşim elde 

edebilmek için oksijen/karbon oranı, fonksiyonel grup çeşitleri ile bunların grafen 

oksit üzerindeki dağılımları ve buna uygun polaritede polimer seçimi optimize 

edilmelidir. Bu nedenle, polimer segmentlerinin polaritesi, grafen oksit üzerindeki 

oksijen miktarı ve dolgu malzemesiyle polimer arasındaki hidrojen bağı 

oluşturabilme kapasiteleri en önemli parametrelerdir. 

 

Anahtar Kelimeler: Kelimeler: Moleküler Dinamik Simülasyon, Grafen, Grafen 

Oksit, Poliüretan, Etkileşim Enerjisi.  
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CHAPTER 1  

1 INTRODUCTION  

Graphene/polymer nanocomposites represent a significant advancement in materials 

science, combining the superior properties of graphene (GR) with the versatility of 

polymers. A high aspect ratio and a high surface-to-volume ratio are essential 

parameters in the selection of nanofillers. Therefore, two-dimensional (2D) 

nanosheet filler like GR is a promising candidate. GR can be used as a nanofiller for 

high-performance multifunctional nanocomposites due to its superior properties, 

such as its high mechanical strength (≈1300 GPa) and Young's Modulus (≈1.0 TPa). 

Therefore, GR-based structures significantly improve the mechanical properties of 

polymers, such as tensile strength and Young's modulus, causing efficient stress 

transfer and strength. GR also improves the electrical conductivity, thermal 

conductivity, and optical properties of polymers owing to its excellent electrical (108 

S/(m) and thermal conductivity (≅5000 W/mK) [1,2]. Owing to these properties, 

polymer nanocomposites have many application areas, such as energy storage, 

biomedical devices, electronics, thermal management, aerospace, and automotive 

industries. GR-polymer nanocomposites have many advanced applications due to 

their enhanced mechanical, thermal, and optical properties. Ongoing research 

focuses on improving interfacial interactions, uniform distribution, and optimization 

of GR configuration. However, it is not possible to understand some of these 

microscale properties by experimental characterization. Therefore, theoretical 

methods, especially classical all-atom molecular dynamics simulation methods, play 

a significant role in understanding and optimizing the properties of GR/polymer 

nanocomposites. It offers detailed information on the reinforcement, physical and 

mechanical improvements, and interactions at the molecular level, which leads to 
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predictive capabilities for designing and optimizing high-performance GR/polymer 

nanocomposites. This study investigates the graphene-based nanofiller-reinforced 

polyurea and polyurethane structures using molecular dynamics simulations and 

first-principle computational chemistry methods to analyze the mechanical 

properties and intermolecular interactions. Thus, with high accuracy, it is possible to 

quantify interfacial interaction between the nanofiller and the polymer matrix by 

controlling the nanofiller structure, number and distribution of GR/GO in 

polyurethane/polyurea-GR/GO nanocomposites. In addition, polyurethane/polyurea 

hard and soft segments were tailored to elucidate their effects. This chapter 

summarizes the mechanical and chemical properties of GR/GO, polyurea and 

polyurethanes. 

1.1 Polymer-based Nanocomposites   

Nanoparticles, including nanosheets, nanospheres, nanotubes, nanorods, or 

nanowires, are dispersed within polymer matrices as nanofillers to obtain GR-

polymer nanocomposites with enhanced physical and mechanical. Even a small 

quantity of nanofiller can significantly improve the properties of nanocomposites, 

such as strength, conductivity, barrier properties, heat stability, inflammability, and 

corrosion resistance. GR has effectively reinforced numerous conducting, 

thermoplastic, and thermosetting materials. Advanced GR-polymer nanocomposites 

find diverse applications across various sectors, including energy, transportation, 

aerospace, electronics, construction, textiles, and biomedical devices. To produce 

high-performance GR-polymer nanocomposites, precise control over the 

arrangement, distribution, and processing of nanoparticles within the polymer 

matrices is required [1]. 

The nanofillers can be categorized based on their dimensions as zero-dimensional 

(fullerene, graphene dot), one-dimensional (carbon nanotubes), two-dimensional 

(graphene, boron nitride, MXene), or three-dimensional (nanospheres) nanofillers 

[1,2]. Carbonaceous nanofillers are predominantly favored due to their high surface 
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area, high aspect ratio, improved structural and physical properties. Meanwhile, 

thermoplastics and thermosets exhibit desirable traits for industrial applications, 

such as low density, flexibility, and ease of processing. Initially, the primary aim of 

developing polymer nanocomposites was to enhance the properties of pristine 

polymers. However, polymer nanocomposites offer entirely novel combinations of 

properties, enabling innovative applications for polymers such as optoelectronic 

property enhancement. 

The reinforcing effects of the nanofiller depend on homogeneous dispersion in the 

polymer matrix, nanofiller type, nanoparticle aspect ratio, nanofiller concentration, 

nanoparticle orientation, polymer matrix type, polymer/nanofiller ratio, nanofiller 

concentration, and dispersion in the matrix. The most successful nanofillers in 

polymer nanocomposites are GR and carbon nanotubes (CNT) due to their high 

surface area, structural stability, dispersion, chemical consistency, and processability 

[1,3]. 

GR is one of the most promising nanofiller materials due to its large specific surface 

area (2360 m2/g), high Young's modulus (≅1.0 TPa), strength (≅130 GPa), thermal 

conductivity (≅5000 W/mK), electrical conductivity (108 S/m) [4].  It is also 

preferred for its low cost, lightweight, and diversity. In the ideal composite, the 

nanofiller as reinforcement material should be well-dispersed, and agglomerations 

should be avoided to obtain better load transfer, leading to uniform stress distribution 

in the polymer matrix. The aim is to reach well-dispersed GR in the polymer matrix 

to utilize its high aspect ratio and surface area. However, van der Waals (vdW) forces 

and other weak interactions may cause agglomeration. Therefore, graphene oxide 

(GO) has been used as nanofiller material for the modified and functionalized forms 

of GR. It can improve the interaction of matrix and reinforcement material by 

forming hydrogen bonds and dipole-dipole interactions. Polymer/GR 

nanocomposites can be used in electronics, sensors, light-emitting displays, solar 

cells, electrostatic discharge, EMI, and biomedical applications [5]. 
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1.1.1 Polyurethanes (PU) 

Polyurethanes represent an essential class of polymeric materials due to their diverse 

starting materials, facilitating the synthesis of polyurethane-based materials with 

versatile properties for many applications. With an annual worldwide consumption 

of about 20 million metric tons [6], PUs represent one of the most commercially 

essential specialty polymers. They are used as thermal insulation materials, soft 

cushioning foam, textiles, etc. The term "polyurethane" encompasses both polyureas 

and polyurethanes. Segmented polyurethanes and polyureas constitute a significant 

category of thermoplastic elastomers, characterized by alternating hard and soft 

segments along a linear polymer backbone, commonly called thermoplastic 

polyurethanes (TPU). The soft segments (SS) possess a glass transition temperature 

(Tg) well below room temperature, providing flexibility to the material. The 

mechanical properties of PU can vary from soft elastomers to rigid polymers 

depending on their SS length, chemical composition, and hard segment (HS) content. 

The SS with low glass temperatures are polyesters and polyether polyols, providing 

flexibility and elasticity [7]. 

The HS influence the mechanical properties of the PUs, including hardness, 

toughness, flexural strength, and compressive strength in Young's modulus. Owing 

to strong self-hydrogen bonds formed by urethane and urea, linkages of HS form 

self-assembled, relatively rigid areas where they disperse in the SS matrix. The SS 

are relatively non-polar, which causes microphase separation from the relatively 

polar HS. Hence, HS acts as a physical crosslinked point, and SS provides elasticity; 

together, they provide mechanical properties in the PU. Therefore, they behave as 

thermoplastic elastomers in their operating temperature range [8,9]. Based on their 

composition, incorporating different hard and SS types and ratios, these materials 

offer a broad spectrum of properties, from soft elastomers to rigid plastics. 

Consequently, they find application across diverse fields, including coatings, cast 

materials, membranes, medical devices and implants [6,10]. 
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Polyurethanes are block copolymers produced by the polyaddition of difunctional 

isocyanates with molecules that bear at least two hydroxyl groups. Isocyanate reacts 

with all compounds with "active" hydrogen atoms, such as -OH and -NHx, like 

alcohols, carboxylic acids, amines, and water. This polyaddition reaction is given in 

Figure 1.1 [6]. 

 

 

Figure 1.1. The general formula of production of polyurethanes by polyaddition 

reaction. 

 

The reaction is an exothermic reaction between aliphatic or aromatic diisocyanates 

(-NCO) with hydroxyl groups (-OH) to generate a prepolymer with urethane 

functionalities (-NHCOO). The resulting PUs are composed of hard and soft 

segments. The SS contain aliphatic polyols or polyesters with low Tg and high 

flexibility. In contrast, the HS have high Tg and stiffness [11,12].  

Crosslinked or linear PUs are generally produced by three primary reactants: 

isocyanates, hydroxyl or amine-terminated SS oligomers, and low molecular weight 

diol or diamine chain extenders. The step-growth reactions occur during the 

production of the PU process. Figure 1.2  [13] shows the chemical structure of 

diisocyanate-type starting materials, and Figure 1.3 [13] depicts the chemical 

structures of SS used to prepare PU structures.  These materials are the most widely 

used PUs selected for this study. 
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Figure 1.2. Representative models of diisocyanate chemical structures used in the 

PU synthesis. a) 4,4’-Methylenediphenyl or methylene diphenyl diisocyanate (MDI), 

b) Bis (4-isocyanatocyclohexyl) or hydro-generated diphenyl diisocyanate (HMDI), 

c) Hexamethylenediioscyanate (HDI), d) 1,3-Phenylene or meta-phenylene 

diisocyanate (MPDI), e) 1,4-Phenylene or para-phenylene diisocyanate (PPDI). 

(Note that the gray beads represent the carbons, and the white ones represent the 

hydrogens. The diisocyanates are bonded to urea and urethanes from the signed 

atoms). 
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Figure 1.3. Representative models of soft segments chemical structures used in the 

PU synthesis. a) Polytetramethylene oxide (PTMO), b) Polyethylene oxide (PEO), 

c) Poly (ε-caprolactone) (PCL). (Note that the gray beads represent the carbons, the 

white ones represent the hydrogens and the red ones represent oxygens. The soft 

segments are bonded to each other and the hard segment is from the signed atoms). 

 

The type and amount of the hard and SS mainly describe the compositions of PUs; 

as a result of the polyaddition reaction in Figure 1.1, HS formed by the reaction of 

isocyanates with or without chain extenders, while the organic backbone of the 

oligomers produced the soft SS [10]. Chain extenders are low molecular weight 

reactants that can increase the molecular weight of the HS. No chain extender was 

used in this study, which means every HS includes two urethane or two urea groups 

at the two ends of the diisocyanate center. One of the PU structures prepared by MDI 

and PEO is represented in Figure 1.4. 
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Figure 1.4. a) General polyurethane structure and its hard and soft segments, b) 

MDI-PEO-urethane structure. 

 

The HS and SS chemical structures and their ratios are crucial parameters for the 

final properties of PUs [14]. Urea and urethane chemical structures are also 

important parameters for this study since urea and urethane linkages form strong 

intermolecular hydrogen bonding, affecting the morphology and physical properties. 

Compared to urethane groups, which make one hydrogen bond, urea groups can 

make stronger bidentate hydrogen bonding [13] (Figure 1.5). Three SS structures 

were used in this study where PEO and PTMO are aliphatic polyethers, while PCL 

is an aliphatic polyester. 
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Figure 1.5. Schematic representation of hydrogen bonding between a) urethane 

and b) urea linkages. 

 

1.1.1.1 Polyurethane Hard and Soft Segments 

Polytetramethylene oxide (PTMO) is a SS with a variety of polymerization processes 

and it can form block copolymers with other polymer segments. It provides 

flexibility and elasticity to the polymer because of its polyether structure. Owing to 

the biocompatibility of PTMO, it can be used for biomedical applications and drug 

delivery systems. It can also be used in the shape memory polymers and high-

performance materials [15,16]. 

Polyethylene oxide (PEO) is a suitable SS with its unique combination of properties 

for advanced applications such as solid polymer electrolytes and shape memory 

polymers. It is a desired SS for polymers due to its flexible, hydrophilic, and 

crystallizable nature. Even though it doesn’t provide improved mechanical 

properties, it is compatible and processable, therefore a good candidate for polymer 
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nanocomposites. PEO is used in drug delivery systems due to its ability to form 

hydrogels that encapsulate drugs and release them in a controlled way [17]. 

Poly (𝜀-caprolactone) (PCL) is a biodegradable polyester-type SS known for its low 

melting temperature (50-65℃, good solubility in organic solvents, and flexibility. 

Due to its semicrystalline structure and biocompatibility, it can be used for tissue 

engineering, drug delivery systems, and the development of biodegradable plastics 

to reduce environmental damage. They are also good candidates for shape memory 

applications because of their crystallizable nature. They are widely used in the 

coating and adhesive industry due to their solubility and adhesive properties [14]. 

4,4’-methylene diphenyl diisocyanate (MDI) is the most used unit in HS for its 

ability to form rigid and thermally stable segments due to its aromatic structure, 

which increases the thermal stability of PUs. It is preferable for high-performance 

materials such as implants and medical devices, shape-memory materials, coatings, 

adhesives, and automotive and aerospace applications. They are also used in 

footwear and textiles [18,19]. 

Hydrogenated methylene diphenyl diisocyanate (HMDI) is a cycloaliphatic 

diisocyanate, and it is known for its unique combination of properties which bridge 

the benefits of both aromatic and linear aliphatic diisocyanates. Due to its 

cycloaliphatic structure it offers a balance between flexibility and rigidity, which 

makes it desired for the applications needing durable and resilient material. It is 

resistant to ultraviolet radiation and oxidation and is used for outdoor applications. 

Its hydrolytic stability makes it desirable for high-performance applications such as 

coatings, adhesives, elastomers, biomedical devices, TPUs, and foams [20].  

1,6-hexamethylene diisocyanate (HDI) is an aliphatic diisocyanate used to fabricate 

PUs. It is highly reactive with the amines, alcohols, and water. Its reactivity with 

water moisture triggers the healing process, making it preferable for self-healing 

materials. HDI-based PUs exhibit good thermal stability and high tensile strength 

and elasticity due to their crosslinking density. Therefore, it is used in flexible and 
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rigid foams, adhesives, and sealants. They are also used in automotive and machinery 

coatings due to their UV and radiation resistance [21,22]. 

Meta-phenylene diisocyanate (MPDI) has an aromatic ring bonded from an 

unsymmetric meta position to the isocyanate groups, causing the thermal stability 

and rigidity of the polymer. It is used for protective coatings due to their chemical 

resistance and mechanical strength and automotive coatings for their thermal 

stability. It is also used in many applications due to its mechanical properties, like 

high-performance elastomers, medical devices, sealants, structural adhesives, rigid 

foams, and fiber-reinforced composites [23]. 

Para-phenylene diisocyanate (PPDI) has an aromatic ring, which affects its reactivity 

and properties when used as a HS in PUs. Due to its symmetry, it causes efficient 

packing and well-organized long-range hydrogen-bonded networks. Due to its good 

mechanical properties and thermal stability, it is used in high-performance coatings, 

adhesives, sealants, and elastomers [23] [24]. 

Urea is known for its ability to form strong hydrogen bonds, which highly affects its 

properties. Urea-based PUs exhibit high tensile strength and Young’s modulus. It is 

due to the hydrogen bonding occurring between the urea groups leading to the 

formation of HS, which increases the stiffness and durability of PU. It is mainly used 

in agricultural, construction, medical, and industrial applications [23]. 

Urethane is less polar than urea, leading to weaker hydrogen bonding. As a result, 

PUs have lower mechanical strength and Young’s modulus, yet they have higher 

flexibility and elongation. It is used in construction, automotive, footwear, and 

medical applications [23]. Polyurethane industry and usage is much more 

widespread compared to the polyurea. 

1.1.2 Graphane and Graphene Oxides 

Graphene (GR) is one of the most promising nanofiller materials due to its large 

specific surface area, high Young's modulus, strength, thermal conductivity, and 
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electrical conductivity, as well as its low cost, lightweight, and processability. It is 

produced by graphite, a three-dimensional (3D) allotrope of carbon layers stacked 

on each other with vdW interactions. The first discovery of a single graphene sheet 

was obtained using Geim and Novoselov's mechanical exfoliation method using the 

tape method. After the discovery, it became a trendy material, and further properties 

of graphene were discovered [25]. GR is a 2-D material with sp2-bonded carbon 

atoms arranged in a hexagonal lattice. Zigzag or armchair arrangements can obtained 

by graphene consisting of strong C-C bonds [2,26]. 

Graphene oxide (GO) is a graphene derivative with rich oxygen-containing groups 

on the surface and the edges of the sheets, produced by oxidating graphite by thermal 

or chemical methods. GO can be made by oxidizing graphite with a strong oxidant 

in concentrated acid. Depending on the oxidant and acid medium, it can be achieved 

using Bordie, Staudenmaier, and Hummer’s methods. Bordie method uses potassium 

chlorate to oxidate graphite in fuming nitric acid. This method cannot be completed 

in one step; oxidant should be added in multiple steps to ensure complete oxidation. 

The Staudenmair method also uses potassium chlorate to oxidize nitric and 

concentrated sulfuric acid. The Hummer's method is the shortest and most efficient. 

It uses potassium permanganate as the oxidant to oxidize in concentrated sulfuric 

acid. However, graphite powder should be used to overcome the formation of 

impurities using this method [25,27]. 

Even though scientists have been trying to find the exact composition of GO using 

both experimental and theoretical studies, it has yet to be seen due to its non-

stochiometric and nearly amorphous structure. Also, its chemical structure may vary 

due to the production method and conditions, so some models have been produced. 

The most accepted GO structural model is the Lerf-Klinowski model, proposed in 

1998. It comprises two different randomly dispersed regions: the region of pure GR 

with sp2 hybridized carbon atoms and the other region is the oxidized region with 

sp3 hybridized carbon atoms. The oxidized GO mainly consists of hydroxyl (-OH) 

and epoxy functional groups (C-O-C), and the edges of the sheet were functionalized 

with carboxyl (-COOH) and hydroxyl groups (OH), resulting in polar surface 
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properties. Because of these functionalities, GO nanosheets are relatively 

hydrophilic [9]. However, this model shows the carboxyl groups (-COOH) at the 

edges of the GO, even though the NMR data does not support the existence of this 

group in the structure. Also, the hydroxyl groups (-OH) are located close to each 

other, leading to questions about the electrical stability of the structure. The structural 

examination of GO is crucial for further functionalization to help manufacture the 

expenses of graphene production and to produce new types of graphene 

nanostructures. Therefore, a study was conducted by Aliyev et al. examining the 

structure of GO, and a new structural model for GO nanolayers was found [11]. GO 

layers contain a large variety of oxygen functionalities in this model. During the 

synthesis by oxidation reaction, the interlayer distance increases, the number of 

layers reduces, and crystallinity increases. It is also seen that GR layers contain 

lactone, quinone, and ketone sites located mainly at the edges and the defect sites. 

This model did not diminish the importance of the Lerf-Klinowski or other GO 

models; however, they improved the previous models by correcting the weak spots 

[27]. 

This study used two updated versions of the Lerf-Klinowski GO models and their 

GR versions. The first one is the improvement by Aliyev et al. [27], which was 

described previously (Figure 1.6-a and b), and the second one is the improvement by 

Gao et al. [28] by adding carbonyl groups (C=O). In this model, oxygen-containing 

hydroxyl and epoxy are located on the basal plane. In contrast, the carbonyl groups 

are located at the edges of the GO in addition to the carboxylic acid groups. 

According to Erickson et al. [29], the dominant functionalities of hydroxyl and 

epoxies are to restore the graphitic character of the GO structure since they are the 

more stable groups on the surface. Carbonyl functional groups would stimulate bond 

breaking during the production process, which would cause expansion and hole 

creation. Therefore, they most likely form at the edges of the sheets (Figure 1.6-c,d, 

and e) [26]. 
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Figure 1.6. The graphene and GO structure models selected in this study (Note that 

red beads represent the oxygen, gray ones are carbon, and the white ones are the 

hydrogens. a) functionalized GO structure according to Aliyev et al. study (28.55% 

oxygen content) [27] b) GR version of a, c) functionalized GO structures according 

to Gao et al. and Erickson et al. studies [28,29] with 23.02% oxygen in total, d) 

functionalized GO structures according to Gao et al. and Erickson et al. studies 

[28,29] with 16.07% oxygen in total, e) GR version of c and d. 

1.1.3 Aim of the Study 

Even though PUs are widely used in the industry and there are many studies in the 

literature about GR/GO reinforced nanopolymers, there is still a need for systematic 

studies to understand the interaction between reinforcement material and PUs. To 

investigate the interactions between nanofiller and matrix, many types of polyurea 

and polyurethane structures consisting of MDI, HMDI, HDI, MPDI, and PPDI, and 

SS consisting of PTMO, PCL, and PEO were modeled. Therefore, various 

polyurethane and polyurea structures are obtained. All the polymers have urea and 

urethane versions to compare the effects of urea and urethane. After we received the 

polymers, we also studied the effect of various GR/GO reinforcement materials on 
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the nanocomposite. To observe the functional group effect, we used two types of 

pristine GR (Figure 1.6. b, e). By changing the oxygen content on the GO, we formed 

three types of GOs (Figure 1.6. a, c, d). To observe the GR/GO effect, we maintained 

the SS and diisocyanate constant by using MDI-PTMO-Urea and MDI-PTMO-

Urethane structures while changing the type of GR/GO and increasing number of 

GO plates in the simulation cell.  

After we prepared all the model structures and simulation cells, we performed non-

periodic Density Functional Theory (DFT) calculations to investigate the interaction 

of the functional group and polymer parts. Since the DFT calculations are limited 

only to the pairwise interactions and do not include coordination number factor, we 

performed mixing energy calculations using extended Flory-Huggins Theory as the 

second step. All these DFT and mixing energy calculations were obtained for smaller 

units of nanocomposites; however, to get a larger scale, more realistic calculation, 

we performed Molecular Dynamics (MD) Simulations for about 27000 atoms under 

periodic boundary conditions. We calculated the interaction energies for all the 

nanocomposites, including pristine polymer cells, using the MD simulations results. 

We performed classical all-atom force field-based MD simulations for 66 structures. 

As a result, we obtained a small systematic library for GR/GO reinforced polyurea 

and polyurethanes. We performed interaction energy calculations for all structures 

and investigated the reinforcement material-matrix interaction at the atomic scale in 

detail. For the last step, we performed radial distribution analysis (RDF) to examine 

these interactions and their distributions in the cell closely. As a result, we 

understood the primary interaction responsible for this reinforcement.
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CHAPTER 2  

2 LITERATURE REVIEW 

Mechanical properties and reinforcement of the nanocomposite depend on the type 

of the nanofiller (reinforcement material) and their concentrations, as well as the 

dispersion state of the nanofiller and nanofiller-nanofiller and nanofiller-polymer 

matrix nanocomposites. Therefore, Albozahid et al. [30] conducted a study on the 

effects of combining graphene nanoplatelets (GNP) and graphene oxides (GO) with 

the high (75%) percentage hard segmented polyurethane matrices. They focused on 

the mechanical, thermal, and morphological properties of the nanocomposite. They 

investigated the effect of various reinforcement materials (0.25 wt%, 0.50 wt%, 0.75 

wt%) on the nanocomposite. They used hydroxyl carboxyl and epoxy functionalized 

Hummer's method GOs and GNP structures, which were dispersed in a 

dimethylacetamide (DMAC) solvent before being introduced to PUs to improve 

dispersion. It was observed that the tensile strength and Young's modulus of the PU 

nanocomposites were significantly enhanced, especially for the 0.5 wt% loading of 

GNP and GO reinforcement materials. GO interacted better with the PU matrix 

because of the surface functional groups. Then, they performed some morphological 

analysis to see the dispersion effect and observed uniform dispersion and strong 

interfacial adhesion between the GO and PU structures. Table 2.1 shows the impact 

of different percentages of GNP and GO structures' reinforcement effect on Young's 

modulus values of PU nanocomposites.  
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Table 2.1 The effect of various ratios of reinforcement materials on the PU 

nanocomposite's Young's modulus [30]. 

Material Young's Modulus (MPa) 

Pure PU 214 

PU+0.25 wt% GNP 320 

PU+0.50 wt% GNP 390 

PU+0.75 wt% GNP 490 

PU+0.25 wt% GO 506 

PU+0.50 wt% GO 538 

PU+0.75 wt% GO 490 

 

Based on this study, it is possible to conclude that GNP and GO additives increase 

the mechanical properties of the PUs. While the GNP concentration and Young's 

modulus of the PU nanocomposite are increasing accordingly by adding GNP 

nanofiller in the given concentrations, GO nanofiller concentration rises Young's 

modulus up to a specific concentration (0.75 wt%) even though it is more efficiently 

increases the other mechanical properties. The higher the concentration of the GO 

structure, the higher the possibility of agglomeration or restacking due to vdW 

forces, which leads to lower interaction with PU and less stress transfer between the 

nanofiller and the matrix. Also, the higher the concentration of the GO, the harder it 

is to disperse the nanofiller into the matrix due to the higher self-interaction of GO. 

Therefore, the negative effects of agglomeration and reduced dispersion are as 

significant as the concentration of the GO [30]. 

Another study was done by Baskakov et al. [31] to investigate the effect of the GO 

nanofiller concentration on the PU nanocomposite mechanical properties. Aliphatic 

polyurethane dispersion and the GO produced by Hummer's method were used. GO 

structure was functionalized with hydroxyl, carboxyl, and epoxy groups, and it had 

a high 49.7 wt% oxygen. The nanofiller concentration varied from 0.1 wt% to 2.0 

wt%; the results are in Table 2.2. 



 
 

19 

Table 2.2 Young's modulus values of the PU and PU-GO nanocomposites [31]. 

Material Young's Modulus (MPa) 

Pure PU 70 

PU+0.10 wt% GO 150 

PU+0.50 wt% GO 300 

PU+1.00 wt% GO 350 

PU+2.00 wt% GO 420 

 

It was presented that the mass percentage of GO structure in the PU nanocomposite 

increases Young's modulus. They observed that the functional groups used in the 

GO, such as hydroxyl, carboxyl, and epoxy groups, increased the interfacial adhesion 

by increasing the nanofiller-matrix load transfer, which resulted in improved 

Young's modulus values. They also improve the dispersion of the nanofiller in the 

matrix [31]. PU type, GO compositions, effective dispersion, and strong interfacial 

interactions are other parameters for the mechanical properties of a PU-GO 

nanocomposite. No drawback for Young's modulus was observed, and the optimum 

concentration for this study may still not be reached at 2.00 wt% GO in the PU 

matrix. Either way, it can be seen that Young's modulus value of the PU-GO (2.00 

wt%) nanocomposite was six times that of the pure PU polymer. 

Shin and Lee [32] conducted a study to observe graphene nanoplatelet-reinforced 

rigid thermal and mechanical properties of polyurethane foam. Polymeric 4.4’-

Diphenylmethane diisocyanate (MDI) was used as the source of the PU, and GNPs 

were produced by exfoliating natural graphite using ultrasonication in MDI without 

any solvents. Different concentrations, such as 0.1 wt% to 0.4 wt%, are given in 

Table 2.3. They investigated the compressive strength values of the nanocomposite 

(Table 2.3). 
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Table 2.3 Graphene nanoplatelet-reinforced rigid polyurethane foam's compressive 

strength values [32]. 

Material Compressive Strenght (MPa) 
Pure RPUF 0.241 

RPUF+0.10 wt% GNP 0.275 
RPUF+0.20 wt% GNP 0.302 
RPUF+0.30 wt% GNP 0.299 
RPUF+0.40 wt% GNP 0.291 

 

It can be seen from Table 2.3 that, other than Young's modulus values, it can be 

improved using graphene-based nanofillers with a maximum of 0.2 %. Also, similar 

to Young's modulus values, compressive strength can be optimized. With this study, 

thermal insulation properties were also improved [32]. This study and previous 

studies showed that the maximum amount of GR/GO platelet depends on the type 

and oxygen percentage.  

Another critical parameter is the effect of the PU content. Akram et al. [33] 

investigated the influence of varying contents of PU diisocyanates on the PU-GO 

nanocomposite mechanical properties. They also used different percentages of GO 

nanofiller. They used 4,4’-Methylenebis (phenyl isocyanate), aka MDI, and 4,4’-

Methylenebis (cyclohexyl isocyanate), aka HMDI, as the diisocyanates, and they 

used 1,1 Butane Diol (BD) as chain extender. GO powder was used as the 

reinforcement material. GO concentration in the nanocomposite varies from 0.50 

wt% to 2.0 wt%, as shown in Table 2.4 and Table 2.5. 
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Table 2.4 MDI-based PU with different hard segment and GO ratios and their effect 

on Young's modulus [33]. 

Material HS (wt%) GO (wt%) 
Young's Modulus 

(MPa) 

Pure PU 5.00 - 1.60 ± 0.50 

MDI-PU1 10.00 0.50 1.65 ± 0.15 

MDI-PU2 15.00 1.00 2.49 ± 0.25 

MDI-PU3 20.00 1.50 5.26 ± 1.00 

MDI-PU4 25.00 2.00 5.29 ± 1.00 

 

Table 2.5 HMDI-based PU with different hard segment and GO ratios and their 

effect on Young's modulus [33]. 

Material HS (wt%) GO (wt%) 

Young's Modulus 

(MPa) 

Pure PU 5.00 - 0.20 ± 0.50 

HMDI-PU1 10.0 0.50 1.60 ± 0.55 

HMDI-PU2 15.0 1.00 3.76 ± 0.58 

HMDI-PU3 20.0 1.50 7.40 ± 0.57 

HMDI-PU4 25.0 2.00 27.59 ± 0.50 

 

Consequently, they observed that mechanical properties improved by incorporating 

GO into the PUs; however, the extent of this improvement depends on the content 

of GO and the type of diisocyanates. Tables 2.4 and 2.5 indicate that mechanical 

properties can be improved significantly by increasing the HS concentration of the 

PU and the GO composition of the nanocomposite. Compared to MDI-based PUs, 

HMDI-based PUs provided better mechanical improvements under the same 

circumstances (up to 27.59± 0.50 MPa). It can be related to the aromatic nature of 

MDI compared to aliphatic HMDI-based PU since the aliphatic diisocyanate obtains 

a more flexible nature. Therefore, GO is dispersed better in the HMDI-based PUs 
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and has better interaction with each other, leading to higher stiffness, better stress 

transfer, and reinforcement. So, the type of these materials affects the nanocomposite 

properties gradually. 

Pebdani et al. [34] investigated the mechanical properties of a PU matrix in the 

presence of defective graphene nanosheets using the Molecular Dynamics 

Simulation method. They focused on understanding the relation between vacancy 

defects within the GR nanosheets and PU nanocomposite mechanical properties. 

They also aimed to improve these properties for various industrial applications with 

specific defect ratios. With this purpose, they mixed the same PU matrix with GR 

nanosheets varying from 0% to 10% defects (Table 2.6) and observed the mechanical 

properties. 

 
Table 2.6 The vacancy ratio in defective graphene ratios affects the mechanical 

properties of GR-reinforced PU nanocomposites [34]. 

Vacancy ratio in defective GR (%) Young's Modulus (MPa) 
0.10 18.66 
0.20 19.23 
0.50 20.41 
0.90 20.86 

 

Although Table 2.6 indicates that higher vacancy on the GR nanosheets improves 

the nanocomposite mechanical properties and interaction energies between the 

reinforcement material and the matrix, they also found that it decreases the stability 

of the nanocomposite. Therefore, they found the optimal vacancy of 1% since the 

higher vacancies weakened the structure and reduced the physical stability [34]. 

Yeh et al. [35] studied hydrogen bonding interactions of two-component PUs (HDI-

PTMO and MDI-PTMO) and the mechanical properties of PUs. Only PUs, their 

interaction, and their mechanical properties are studied in this study. They observed 

that MDI-PTMO had higher stress values and a higher Young's modulus value than 

HDI-PTMO. MDI-PTMO has a more rigid chain structure than HDI-PTMO [35]. 
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Quanguo et al. [36] studied the interfacial interactions and mechanical properties of 

GO-reinforced TPU (thermoplastic polyurethane) nanocomposites. They used 

hydroxyl, carboxyl, carbonyl, and epoxy-functionalized GO to form strong 

interfacial interactions with the PU matrix. They observed Young's modulus of pure 

TPU at 281 GPa, and after reinforcing it with 18 wt% GO, it increased to 378 GPa, 

showing 34% improvement due to the strong interfacial interaction and hydrogen 

bonding [36]. 

Another experimental study was performed by Maldonado-Magnere et al. [37] to 

observe the effect of different GO contents on the mechanical properties of PU 

nanocomposites, as shown in Table 2.7. By increasing the oxygen content of GO 

reinforcement material, Young's modulus of PU nanocomposite can be increased due 

to the increasing interaction with PU. The lower oxygen-content GO2 structure has a 

lower polarity, reducing the interaction between the oxygen-containing functional 

groups with the matrix [37]. 

 

Table 2.7. Young's modulus values of GO-reinforced PU nanocomposites (GO1 has 

15.84 wt% oxygen and GO2 has 8.87 wt% oxygen content) [37]. 

Material Young's Modulus (MPa) 

Pure PU 7.0±0.6 

PU+1 wt% GO1 22.3±0.9 

PU+3 wt% GO1 14.6±0.1 

PU+5 wt% GO1 16.7±0.2 

PU+7 wt% GO1 20.4±0.6 

PU+1 wt% GO2 18.6±2.2 

PU+3 wt% GO2 16.5±0.4 

PU+5 wt% GO2 16.7±0.3 

PU+7 wt% GO2 22.4±0.4 
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Overall, all these studies indicate that the mechanical properties of PU-GR/GO 

nanocomposites depend on the nanofiller concentration, type, and distribution in the 

matrix, the PU and GO composition and type, and their intermolecular interactions. 

In this study, to investigate these parameters, we focused on the many kinds of PUs 

and GR/GO structures that changed the nanofiller concentration and content. 

Calculating the Young's modulus values of these various nanocomposites, we 

systematically investigated the parameters of mechanical properties. 
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CHAPTER 3  

3            THEORETICAL AND COMPUTATIONAL CHEMISTRY METHODS 

The structural and dynamic properties of the atoms or molecules determine the nature 

of matter. The atomistic simulation can help to obtain this detailed atomistic-level 

information; therefore, it has a critical role in modeling systems at the nanoscale. 

Hence, atomistic computer simulations can determine the relation between the bulk 

properties of materials and the interactions amongst constituent atoms or molecules. 

Computer simulations effectively examine a system's static and dynamic responses 

under specified initial conditions by establishing a connection between theory and 

experiment. These simulations involve the construction of a relevant theoretical 

model and then employing computational tools to solve the equations describing the 

system. Compared to experimental methods, computer simulations excel in solving 

complex problems with greater cost efficiency and speed. They provide better 

control over intermediate processes and allow for precise tracking of system 

responses across both temporal and spatial scales [38]. Investigating the molecular 

geometry, the energy of molecules and transition states, chemical reactivity, the 

interaction of substrate and enzyme, physical and photophysical properties, and IR, 

UV, and NMR spectra using computational methods is the aim of theoretical and 

computational chemistry. Therefore, the determination of accurate shape, bond 

lengths and angles, nucleophilic and electrophilic sites, rates and equilibria, spectra, 

and physical properties is possible. The computational chemistry tools are classical 

molecular mechanics methods such as molecular dynamics simulations, ab initio, 

semiempirical and density functional theory [39]. Multiscale modeling approaches 

are categorized into molecular-scale methods (first-principle calculations and 

molecular dynamics simulations), mesoscale simulations, and macroscale methods 

at the continuum level. 
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Molecular-scale computations center on atoms and molecules, while mesoscale 

computations focus on coarse-grained units, particles, and monomers. Macroscale 

computations are directed toward continuous domains at the device and engineering 

levels. Each method serves distinct application domains and employs different 

equations to compute processes occurring across various length and time scales. The 

hierarchy among frequently used models is shown in Figure 3.1 [40], illustrating 

related time and length scales. Small-scale computations give more detailed and 

precise insights into system properties. Yet, specific molecular interactions and 

effects are usually overlooked when working with larger scales and homogeneous 

systems. However, first-principle calculations at small scales are characterized by 

greater complexity, higher costs, and lengthy completion times attributed to 

incorporating electrons in the calculations [26,41]. 

 

 

Figure 3.1. Time and length scales of multiscale modeling methods [41]. 

 

Ab initio, density functional theory(DFT), and semiempirical calculations are the 

quantum chemistry methods based on solvation of Schrödinger equations with 

approximations. Quantum mechanics calculations use the Schrödinger equation to 

calculate electronic structure and energy. In contrast, molecular mechanics methods 
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use Newton’s law and statistical mechanics to calculate thermodynamic properties, 

mechanical properties, and molecular interactions [38]. 

3.1 First Principle Calculations (Ab Initio Methods) 

The delocalization of electrons and their behaviors constitute fundamental aspects of 

quantum mechanics. Information regarding this phenomenon is derived through 

wavefunctions, mathematical functions employed to determine electron 

distributions. Wavefunctions determine the electronic structure, providing 

information about molecular properties such as nucleophilicity/electrophilicity and 

polarity. According to the Born rule, the probability distribution of electrons within 

a system is proportional to its wave function square. Solving the Schrödinger 

equation is necessary to obtain this wavefunction, yet exact solutions are only 

attainable for single-electron systems. Consequently, traditional solution methods 

failed when applied to systems with multiple electrons. Certain assumptions are 

needed to define these systems and address such complexities. 

The computational chemistry equation that should obtain the electronic energy is the 

Schrödinger equation [42], which describes the quantum nature of matter  expressed 

as: 

Eq.3.1;

𝐻෡𝛹 = 𝐸𝛹 (3.1) 

Where 𝐻෡ is the Hamiltonian operator representing the total kinetic and the potential 

energies of a system,  𝛹 is the wavefunction, which is the function of the positions 

of the electron and the nuclei, and E is the numerical value of the energy of the state 

described by the wavefunction. For a Coloumbic system, the Hamiltonian operator 

is given in Eqn.3.2. 
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ZA is the specified set of nuclei charges (atomic number) of the atom A, rA is their 

position, rij is the distance between electrons i and j, and ri-rA is the distance between 

electron i and nucleus A, and the first term is the kinetic energy term [42]. 

Since the nuclei of a molecule are significantly heavier than the nuclei in comparison 

to mass, the Born-Oppenheimer approximation indicates that the coordinates of the 

nuclei are fixed while the electrons are moving, meaning the position of the electrons 

is neglected, and the position of the nuclei determines the system energy. According 

to the Born-Oppenheimer Approximation, the Schrödinger equation can be 

simplified using these approximations as electronic and nuclear Schrödinger 

equations. Electronic energy, which depends on electron positions and the constant 

nuclear repulsion terms, can be obtained using these equations, and their summation 

gives the total energy of the system [43]. 

3.1.1 Ab-initio Calculations 

Quantized descriptions of interatomic interactions are the foundation of the quantum 

mechanics technique known as the ab initio calculation. Since ab initio means 'from 

the start' in Latin, they use basic physical quantum mechanics and solve the 

electronic Schrödinger equation [39]. Ab initio calculations explain all electron 

wavefunctions as the superposition of different molecular orbitals, which uses a 

combination of equations such as the Gaussian function.  

Electron affinity, ionization potential, electron density, dipole moment, 

conformational search and low energy structures, meaning most structural and 

electronic properties can be established by the quantum mechanical calculations. 

These calculations provide accurate information about the experiments. The 

downside of this method is that it is limited to systems with fewer than 1000 atoms 

depending on the computational hardware, even though it offers accurate results, 

especially post-Hartree Fock Methods, which are computationally inefficient. Some 
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semiempirical molecular orbital methods have been developed to increase the 

efficiency of these results [38]. 

The Hartree-Fock method approximates the molecular wave function and represents 

the molecular energy. The wavefunction is calculated by the occupied spin orbitals 

as a Slater determinant given in Eqn.3.3: 
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𝜑ଵ ൬
௑భ
→൰ are the spin orbitals consisting of spin-orbital ∅௜ ቀ

௥
→ቁ and two spin functions 

spin up 𝛼௦ and spin down 𝛽௦. Whereas spin orbitals can be obtained using Eqn 3.4: 

𝜑 ቀ
௫
→ቁ = ∅ ቀ

௥
→ቁ 𝜎(𝑠);          σ = β𝛼 (3.4) 

The Hartree-Fock method has a disadvantage in its insufficient treatment of electron 

correlation. While electrons, in reality, coordinate their motions to minimize 

interaction energy, the method represents electron movement within the electric field 

using average positions of other electrons. To overcome this limitation, post-Hartree-

Fock methods such as CI, CCSD, and MP2-4 have been developed so that the 

reliability of the results improved by reducing electron-electron interaction energies 

[44]. 

Modern ab initio calculations combine the Monte Carlo simulation method or the 

MD simulation methods described by the ab-initio Monte Carlo simulation method 

and ab initio MD simulation method, respectively. These methods obtain the 
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atomistic interaction information using the ab initio method instead of empirical 

force field methods [40]. 

3.1.2 Density Functional Theory (DFT) Calculations 

Density Functional Theory (DFT) computations, similar to ab initio and 

semiempirical methods, originated from the Schrödinger equation. However, unlike 

its counterparts, DFT does not necessitate the calculation of wavefunctions. Instead, 

it directly derives the electron distribution through the electron density function [39]. 

Using density functions simplifies the process of computing energy distributions 

since wavefunction calculations typically involve 4N variables, with N representing 

the number of electrons, containing three spatial coordinates and one spin variable 

each, and they can be expressed as ρ(x,y,z). X-ray and electron diffraction techniques 

can be used to visualize the electron densities. 

DFT calculations are established by two fundamental theorems formulated by 

Hohenberg and Kohn. The first theorem states that the ground state electron density 

function characterizes the molecular properties at the ground electronic state. The 

second theorem establishes that any trial electron density function yields an energy 

equal to or higher than the ground state energy. However, since the correct energy 

functionals and accurate molecular electron densities are unknown, it is impossible 

to go straight from the electron density function to molecular energy; the basis of 

current molecular DFT calculations is the Kohn-Sham equations. The Kohn-Sham 

approach is focused on two problems. The first one is to express the molecular 

energy as a sum of terms, and while doing that, only a relatively small term should 

involve the "unknown" functional. Therefore, even moderately large errors in this 

term will not introduce significant errors in the total energy. The second approach is 

to initially guess an electron density ρ and use the KS equations to calculate an initial 

guess of the KS orbitals and energy levels and iteratively refine these orbital and 

energy levels. Then, it uses the final KS orbitals to calculate an electron density, 

which is used to calculate energy [38]. 
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The KS method outlines a framework wherein non-interacting electrons exhibit an 

identical ground state electron density distribution to the actual system (ρ(r)=ρ(0)), 

enabling energy formulation. Energy minimization is achieved through KS orbitals 

and equations concerning electron density [39] 

Equation 3.5 [42] indicates the ground state electronic energy; 

𝐸[𝜌] + 𝑉ே௘[𝜌] + 𝐽[𝜌] + 𝐸௫௖[𝜌] (3.5) 

Electron density is used to calculate as in Equation 3.5: 

𝜌(𝑟) =  ෍|𝜙௜(𝑟)|ଶ

ே

௜

 (3.6) 

𝜙௜ representing the set of orbitals, and T is the kinetic energies of the electrons, which 

is calculated in Equation 3.7: 

𝑇௦[𝜌] = ෍ ർ𝜙௜ቚ−
1
2

∇ଶቚ𝜙௜඀

௜

 (3.7) 

The nucleus-electron potential energy 𝑉ே௘ is expressed in Equation 3.8 as: 

𝑉ே௘[𝜌] = න 𝜌(𝑟)𝜐(𝑟) (3.8) 

Where 𝜐(𝑟) is the external potential due to the nuclei, which is expressed in the 

Equation 3.9: 

 𝜐(𝑟) =  − ෍
𝑍஺

|𝑟 − 𝑅஺|
 

஺

(3.9) 

Electron-electron repulsion energy, 𝐽[𝜌]  is expressed in Equation 3.10 as: 

𝐽[𝜌] =
1

2
න න

𝜌(𝑟)𝜌(𝑟ᇱ)

|𝑟 − 𝑟ᇱ|
𝑑𝑟 𝑑𝑟ᇱ (3.10) 

𝐸௫௖[𝜌] is the exchange-correlation factor, and no explicit form is available for this 

term. It is given in Equation 3.11 as:  
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𝐸௫௖[𝜌] = (𝑇[𝜌] − 𝑇௦[𝜌]) + (𝑉௘௘[𝜌] − 𝐽[𝜌]) (3.11) 

Electron density is derived from wavefunction for non-interacting electron systems. 

Slater determinant is used to represent anti-symmetric wavefunctions. With the 

electron density and wavefunction expressions, the KS equation is expressed by 

Equation 3.12 as: 

൭−
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𝑟ଵଶ
 𝑑 𝑟ଶሬሬሬ⃗ +𝑉௫௖(𝑟ଵሬሬሬ⃗ ) − ෍

𝑍஺

𝑟ଵ஺

஺

ெ

൱ 𝜙௜ = 𝜀௜𝜙௜ (3.12) 

𝜀௜ represents the orbital energy eigenvalue, 𝑍஺ is the atomic number, and 𝑉௫௖ is the 

exchange-correlation energy. Exchange correlation energy is the summation of the 

electron-electron repulsion energy deviation and the kinetic deviation from the 

reference system [45]. 

Calculating the exchange-correlation factor is essential since it determines the 

accuracy of the DFT calculation. However, due to both exchange effects (due to the 

Pauli exclusion principle) and correlation effects (due to electron-electron 

repulsion), which involve all electrons simultaneously, making it a complex many-

body problem, and the continuous movement of the electrons, there is no exact 

mathematical definition of it, making it difficult to calculate. Some approximations, 

such as local density approximations, generalized gradient approximations, and 

some hybrid approximations were developed to overcome this difficulty and increase 

the accuracy. 

The local density approximation (LDA) operates under the premise that the energy 

density at any location within the molecule corresponds to the value that a 

homogeneous electron gas with identical electron density ρ would exhibit at that 

point. This energy density represents the energy per electron of such a homogeneous 

electron gas, encompassing exchange and correlation terms. It is important to note 

that while LDA assumes the uniformity of electron density throughout the molecule, 

the term "local" is employed to contrast with nonlocal methods, which rely not only 

on ρ but also on its gradient (first derivative). 
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The generalized gradient approximation (GGA) emerges from the foundation laid by 

the LDA and represents a nonlocal (gradient-corrected) approach. Nowadays, the 

majority of DFT calculations employ exchange-correlation energy functionals, 

denoted as 𝐸௫௖, which integrates both the electron density and its gradient, which is 

expressed as the first derivative of ρ concerning position,  ൬
డ

డೣ
+

డ

డ೤
+

డ

డ೥
൰ 𝜌 = ∇𝜌. 

These functionals, called gradient-corrected or generalized gradient approximations 

(GGA), constitute the exchange-correlation energy functionals as the summation of 

an exchange-energy functional and a correlation energy functional, both of which 

are negative. Over time, hybrid functionals have developed by combining GGA and 

HF exchange correlations to increase the accuracy of calculations. B3LYP (Becke 

three-parameter Lee-Yang-Parr) functional is among the most preferred hybrid 

functionals. 

Nonetheless, the exchange-correlation functional  𝐸௫௖[𝜌]  remains incompletely 

understood and requires various approximations for its computation. Consequently, 

unlike ab initio methods, which iteratively refine results by expanding basis sets and 

extending correlation approaches, systematic enhancement of these outcomes is not 

feasible. Nonetheless, DFT is the preferred first-principle method due to its 

computational efficiency and simplicity relative to other wave function-based 

techniques. DFT yields more precise geometry and relative energy outcomes using 

electron density and implementing inherent built-in correlations [39]. 

3.1.3 Molecular Mechanics (MM) Methods 

Non-quantum or classical mechanics calculation and simulation methods have been 

developed to obtain information for larger systems. The empirical force fields 

describe the atomic interactions in all of these methods. These empirical force fields 

are obtained based on the Born-Oppenheimer approximation, meaning the position 

of the electrons is neglected, and the position, bonds and interactions of the nuclei 

determine the system energy. Empirical force fields mainly used atomistic 
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simulation methods, such as lattice energy calculation, lattice dynamic simulation 

methods, Monte Carlo (MC), and Molecular Dynamics (MD) Simulations [38,46]. 

Molecular mechanics (MM) conceptualizes molecules as interconnected spheres 

(atoms) linked by springs (bonds), disregarding electron behavior. The potential 

energy of a molecule is represented as a summation of terms containing bond 

stretching, angle bending, dihedral angles, and nonbond interactions. Expressing 

these terms in mathematical formulations establishes the development of a force field 

while assigning specific values to its constants, which initiates the parameterization 

of the force field. In this bond-atom model resembling spring balls, the molecule's 

energy varies with its geometry as the springs resist deformation from their natural 

length or angle and resist close proximity, disregarding electron interactions. 

Consequently, the mathematical framework closely aligns with reality in conceptual 

terms. 

MM finds significant application in conducting computations on large biomolecules, 

aiding the pharmaceutical industry in drug design. Additionally, organic synthesis 

nowadays integrates MM, facilitating chemists in predicting favored reaction 

products and devising feasible pathways to target molecules. MM is frequently 

employed in molecular dynamics to compute the forces acting on molecules, thereby 

determining their motions. It can be used for molecular mechanics minimizations, 

molecular dynamics, annealing, and quenching calculations [39]. 

Molecular Dynamics (MD) and Classical Monte Carlo (MC) techniques employ 

classical mechanics for computations, wherein force fields and their parameter sets 

define the system's potential energy. By differentiating this potential energy 

concerning the atoms' positions, the force acting on each atom can be determined, 

allowing for the prediction of the atoms' positions and velocities during MD 

simulation steps. Every atom influences a system's overall potential energy through 

bonded and nonbonded interactions. Bonded interactions are bond stretching, bond 

angle bending, proper dihedral angles (torsion), and improper dihedral angles. 
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Nonbonded interactions are intermolecular and intramolecular Van der Waals (vdW) 

and Coloumb interactions [47]. 

Force fields are categorized into Class I and Class II classifications. Class I force 

fields are tailored for simulating biomolecular systems. In contrast, Class II force 

fields represent the second generation, incorporating cross-coupling terms between 

bonded interactions to accurately depict potential energy, structures, and vibrational 

frequencies. Examples of Class I force fields include DREIDING, OPLS-AA, 

CHARMM, AMBER, and GROMOS [48]. 

Potential energy (E) for the Class I force fields is calculated as Equation (3.13): 
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    (3.13)

 

 

In the context provided, the variables represent specific geometric parameters:  is 

bond length,   is the bond angle,  is the dihedral angle, and  is the improper 

dihedral angle. Correspondingly, , , ,  denote reference values, while the   

coefficients signify the rigidity of each bond type. The fifth term characterizes 

Lennard-Jones (L-J) interactions, meaning 12-6 pairwise interactions where  

denotes the L-J well depth and  indicates the collision diameter for the atom pairs 

i and j. The sixth describes electrostatic interactions according to Coulomb's law, 

where  and  represent partial charges and  is the permittivity of free space. 

Figure 3.2 illustrates the bond lengths, angles, and additional interactions utilized in 

the force field computations [47]. 
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Figure 3.2. Schematic illustration of a) bond length stretching, b) bond angle 

bending, c) van der Waals interaction, d) Coulomb interactions, e) proper dihedral, 

and f) improper dihedral to the potential energy of the system. 

 

Class II force fields are constructed using ab initio calculations and parameterized 

with the support of extensive experimental data. Class II force fields are more 

complex and computationally demanding than Class I force fields. These include 

broader arrays of parameters for bonded interactions, such as bond stretching, bond 

bending, and dihedral rotation, alongside cross-terms between bonded parameters 

like the bond stretch-bend term. Such additions facilitate a more precise depiction of 

molecular behavior than Class I force fields, particularly under relatively high strain. 

They find greater utility in modeling polymers, metals, and ceramic-solid phase 

materials. Examples of Class II force fields include COMPASS, CVFF, PCFF, and 

the MM# series [26,48]. Potential energy functional for COMPASS and PCFF force 

fields are given in the Equation 3.14: 
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Where the same variables apply for Equation 3.13, some additional constants are 

included to represent the contributions from higher order terms for bending, bend 

stretching, out-of-plane bending, dihedral rotation and cross-terms for bond stretch-

stretch (b, b' combined terms), stretch-bend (b, 𝜃 combined terms), stretch-torsion 

(b, 𝜙 combined terms), bend-torsion (𝜃, 𝜙 combined terms), bend-bend( 𝜃, 𝜃′ 

combined terms), bend-bend-torsion (𝜃, 𝜃ᇱ, 𝜙  combined terms). Class II force fields 

typically employ the 9-6 Lennard-Jones potential format while maintaining 

consistency with Coulomb's law expression for electrostatic interactions. 
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Equations  (3.13) and (3.14), along with the assigned empirical force field parameters 

for each specified atom and bond type within the system, are employed to describe 

a force field for molecular simulation. When appropriately parameterized, an 

empirical force field can accurately represent the given molecular system [48]. 

3.1.3.1 Classical Monte Carlo (MC) Method 

Monte Carlo simulations systematically explore the conformational phase space of a 

molecular system. This space characterizes the system's potential energy surface 

across all coordinate degrees of freedom. Through Monte Carlo methods, algorithms 

are applied to adjust atom positions according to predefined move sets, such as 

random atom translation or dihedral rotation around covalent bonds, to explore the 

conformational phase space of the system efficiently [48]. 

Atom movements are considered random and treated like single-point masses in the 

Monte Carlo method. The thermodynamic properties of the system can be obtained 

by this method. It is mainly used for a complex system's phase change processes and 

properties. However, it can calculate the thermodynamic properties of a system only 

in an equilibrium state [38]. In MC simulations, a technique known as "importance 

sampling," pioneered by Metropolis in the 1950s, is commonly utilized. This method 

entails making a random move to a new configuration state, combined with a 

decision algorithm to determine whether this newly sampled state should be 

incorporated into the Boltzmann-weighted ensemble of states, which is gathered to 

depict the thermodynamic properties of the system.  The move algorithms employed 

in MC simulations lack time dependency, resulting in a limitation where they do not 

offer direct insights into the rate or kinetics of molecular processes. Instead, their 

primary function lies in determining the thermodynamic properties of a system. 

However, due to their independence from the kinetics of molecular motion, the MC 

method is highly rapid and efficient [48]. 
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3.1.3.2 Molecular Dynamics (MD) Method 

Molecular dynamics (MD) simulations utilize Newton's equations of motion to 

predict the molecular behavior within the system over time, typically conducted 

under NVT or NPT ensemble conditions. MD simulations reflect the system's 

behavior's thermodynamic and kinetic aspects. Besides requiring initial coordinates 

for each atom within the molecular system, an MD simulation also necessitates initial 

atomic velocities. These initial velocities are usually derived from the Maxwell-

Boltzmann distribution corresponding to the designated temperature of the system, 

with the additional condition that the average velocity of the entire system equals 

zero. Once the initial positions and velocities are established, the forces acting on 

each atom in the system are computed using the force field equation as a function of 

the atomic coordinates. Newton's second law (𝐹௜ = 𝑚𝑎௜) is then applied to determine 

the subsequent acceleration of each atom under the net force vector acting upon it. 

This acceleration is subsequently numerically integrated over a short time step to 

calculate each atom's updated velocity and position, with these new coordinate 

positions used to compute fresh force vectors in the next MD cycle. This algorithm 

is repeated for every time step, and the final trajectories are obtained. One of the 

mainly used numerical integration algorithms is the Velocity-Verlet algorithm, [48] 

with the equations of motion expressed as Equation 3.15 and 3.16: 

𝑟(𝑡 + Δ𝑡) = 𝑟(𝑡) + Δ𝑡𝜗(𝑡) + 0.5Δ𝑡ଶ 𝑎(𝑡) (3.15) 

𝜗(𝑡 + Δ𝑡) = 𝜗(𝑡) + 0.5Δ𝑡[𝑎(𝑡) + 𝑎(𝑡 + Δ𝑡)] (3.16) 

Where r, 𝜗, and a are the position, velocity, and acceleration of a given atom, 

respectively. t denotes the previous time points while Δ𝑡 signifies the time increment 

during each simulation cycle, allowing the system to progress. The time step selected 

should be small enough to enable the fastest motions of the system to be smoothly 

captured during the simulation.  

The MD simulation technique offers a more straightforward and computationally 

efficient approach than quantum mechanical methods. As computer systems have 
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evolved, various force fields have been developed for different materials, making 

them applicable across various materials. This method provides detailed insights into 

the interactions and movements of atoms or molecules within a system, thereby 

enriching the understanding of its macroscopic properties through alignment with 

physical experiments. Thanks to algorithmic improvements and advancements in 

computing power, MD simulations have gained widespread utilization in tackling 

complex challenges across various research fields, encompassing nanotechnology, 

polymer science, metallurgy, pharmacy, and organic chemistry [38]. 

3.1.3.3 Computational Procedure for MC and MD simulations operate 

The atoms' coordinate positions and bonding states are initially established to form 

the system with the desired density and boundaries. Periodic boundary conditions 

are defined to create the unit cell, with continuous systems achieved by replicating 

this unit cell in all directions. Suppose a particle moves across the boundary surface 

and exits one side of a unit cell. In that case, the same number and the type of 

molecule enters from the opposite boundary of the unit cell, ensuring a constant total 

number of atoms within the system. A cut-off distance is set within the range of 8-

12 Å, and the cell size is adjusted accordingly to prevent redundant calculations of 

nonbonded intermolecular interactions between atoms in the primary cell and 

neighboring cells. The cell size should be at least twice the cutoff distance. 

Summation methods are used to add up individual contributions from different 

interactions in a molecular system to calculate the total potential energy or other 

properties of the system. Electrostatic effects are managed using the Ewald 

summation or particle-particle-particle-mesh (PPPM) method. However, the Ewald 

summation method is typically employed for calculating nonbonded electrostatic 

interactions due to its computational efficiency for systems containing 10ଷ − 10ସ 

atoms. For larger systems consisting 10ହ atoms or more, the PPPM summation 

method facilitates faster parallel calculations [26,48]. 
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Once the model of the molecular system is obtained, the statistical ensembles (the 

defined set of conditions) should be determined. The number of atoms (N), primary 

cell volume (V), temperature (T), pressure (P), energy (E), enthalpy (H), and the 

chemical potential (µ) can be defined as constant. If the constant NVT ensemble is 

used, the system is called canonical; if the constant NPT ensemble is used, the system 

is isobaric-isothermal conditions; if the constant NVE ensemble is used, the system 

is called microcanonical; if the NPH ensemble is used, the system is called 

isoenthalpic-isobaric, and if the µVT ensemble is used, the system is called grand 

canonical. While N and V are defined by the number of atoms modeled and the size 

of the primary cell, the T and P are determined from the statistical thermodynamic 

relations. A fundamental guideline is that the chosen ensemble should represent a 

sample of microscopic states, allowing for valid statistical reasoning regarding the 

system under investigation [49].  

Effective temperature control measures are needed to avoid unrealistic heating of the 

simulated system caused by energy drift resulting from accumulating numerical 

errors over long simulation periods. The system's temperature can be regulated 

through equilibration techniques known as thermostat methods, including Andersen, 

Berendsen, and Nosé-Hoover. The Andersen thermostat method measures each 

particle's translational and angular velocities to compute the temperature and align it 

with the desired value through equilibration procedures. On the other hand, the 

Berendsen thermostat method governs the system temperature by coupling it to a 

heat bath set at a fixed temperature throughout the simulation. This entails adjusting 

the atomic coordinates at each timestep by a factor, which corrects the deviations of 

the instantaneous system temperature from the target temperature T, thereby guiding 

the system towards the desired state corresponding to T. Velocities are monitored at 

each step, and temperature constancy is maintained by integrating the scaling factor. 

While the Berendsen thermostat method efficiently equilibrates the system to the 

target temperature, it fails to produce trajectories consistent with the canonical 

(NVT) ensemble because it neglects kinetic energy variations owing to the fixed 

temperature. 
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Conversely, the Nosé-Hoover thermostat method is widely utilized as it more 

accurately represents kinetic parameters and generates real canonical ensembles by 

decreasing the influence of an external system. An additional dynamic variable in 

the equations regulates the temperature of the specified system, ensuring temperature 

control with fluctuations around the target temperature. We selected the Nose-

Hoover thermostat for all isothermal-isobaric simulations. 

Since most experiments are conducted under constant atmospheric pressure 

conditions, barostats replicate constant pressure environments in simulations. 

Various barostat algorithms exist, including Andersen, Berendsen, and Parrinello-

Rahman. The Andersen barostat incorporates additional degrees of freedom like the 

Nosé-Hoover thermostat concept. In this approach, an external pressure term acts as 

a fictitious piston, while another term represents the internal pressure of the particles. 

If there's an imbalance between the external and internal pressures, the system's 

volume adjusts to achieve the target pressure. The Berendsen barostat operates on a 

principle similar to the Berendsen thermostat, employing a weak coupling method to 

allow pressure fluctuations to approach the target pressure more realistically. The 

Parrinello-Rahman method extends the Andersen algorithm, enabling the modeling 

of shape changes, and is suitable for anisotropic systems [26,38].  
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CHAPTER 4  

4         COMPUTATIONAL METHODOLOGY FOR THE GR/GO-
POLYURETHANE NANOCOMPOSITE STUDY 

Critical parameters in investigating the mechanical properties of GR/GO reinforced 

PU nanocomposites include various GR-GO/polymer ratios, various oxygen 

percentages on GO and combinations of polymer components. These parameters are 

optimized to improve mechanical properties by increasing the interaction between 

the reinforcement materials and the polymer. First-principle calculations and 

molecular mechanics methods were used to investigate the interaction energies and 

Young's modulus of these nanocomposites.  

DFT calculations were obtained using small representative models to determine 

interaction energies. Mixing energies were calculated to observe the miscibility 

behavior of pairwise interactions between the reinforcement material and the filler 

components. Finally, the MD simulations are performed for the larger systems to 

study the GR-GO/polymer ratio, polymer types and GO functional group effects.    

4.1 First Principle Calculations 

Interaction energies between the functional groups of GO and the selected groups of 

polyurethane and polyurea chain, DFT calculations were performed. Figure 4.1 

illustrates the initial structures prepared for small GO sheets with small functional 

groups. The selected polymer components, MDI, PTMO, urea, and urethane, are 

shown in Figure 4.2. All polymer fragments are saturated by methyl end groups to 

avoid the end group effect. The preferable interactions are prepared manually as the 

initial structures, and the possible configurations with GO structure are modeled 

using GaussView. More than one initial structure was modeled, and geometry 

optimization calculations were performed using the tight convergence criteria. The 
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wB97XD functional, developed by Chai and Head-Gordon [50], was also used to 

compare the results. 6-31+G(d) basis set, designed by Pople [51], was chosen as a 

basis set for intermolecular interaction calculations. M06-2X functional, developed 

by Truhlar Group in Minnesota [52], was also used since it is one of the most 

preferred global hybrid functional for non-bonded interactions. Grimme's D3 

dispersion correction term [53] was incorporated with the 

EmpiricalDispersion=GD3 [26] command in Gaussian09 to account for the London 

dispersion in the long intermolecular distance. Correcting for basis set superposition 

error (BSSE) is critical when calculating intermolecular interactions. This error 

arises from mixing basis set functions of spatially close atoms and fragments, 

potentially leading to artificially lower energy values [54]. The counterpoise 

correction method overcame this BSSE error since ghost orbitals with no electrons 

or protons were used to identify mixed basis set functions. Only wB97XD functional 

results are reported in this thesis since there is no significant difference for these DFT 

functionals. 
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Figure 4.1. GO fragments are used for DFT calculations. a) GO functionalized with 

double-bonded oxygen, b) GO functionalized with two double-bonded oxygen, c) 

GO functionalized with double-bonded oxygen and one OH group, d) GO 

functionalized with two OH groups, e) GO functionalized with two OH groups and 

two double bonded oxygens asymmetrically placed, f) GO functionalized with two 

OH groups and two double bonded oxygens symmetrically placed, g) GO 

functionalized with a COOH group, h) GO functionalized with an epoxy group. 

 

 

Figure 4.2. Selected polymer components for DFT calculations. a) MDI (methylene 

diphenyl diisocyanate), b) PTMO (polytetrahydrofuran), c) Urea, d) Urethane. 
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4.1.1 Classical Monte Carlo and Molecular Dynamics 

Monte Carlo and Molecular Dynamics methods were studied to calculate interaction 

energies and Young's modulus values of various GR/GO-polyurethane structures. 

Large systems with thousands of atoms can be examined using classical mechanics 

methods. MD simulations investigate how different functional groups on GO affect 

the overall GR/GO-PU nanocomposite properties at the molecular level, such as 

intermolecular interactions. These interactions were analyzed for different polymer 

components and functional groups. Functional groups, polymer components, and 

several polymer and GO types were modeled to study these interactions. 

4.1.1.1 Calculation of Mixing and Pairwise Binding Energies with the 

Molecular Mechanics Methods 

Flurry-Huggins Model represents the miscibility behavior of binary systems. Free 

energy of mixing per mole (ΔGmix) was calculated from Equation 4.1: 

∆𝐺௠௜௫

𝑅𝑇
=

Φ௜

𝑛௜
 𝑙𝑛Φ௜ +

Φ௝

𝑛௝
 𝑙𝑛Φ௝ + 𝜒𝜙௜𝜙௝ (4.1)  

R represents the gas constant, T represents the absolute temperature, and χ is the 

interaction parameter. 𝑛௜ and 𝑛௝  represents the degree of polymerization for 

components i and j, respectively, and the Φ௜ and Φ௝ values are the volume fractions 

of the i and j components. Interaction parameter χ can be calculated as Equation 4.2. 

𝜒 =
𝐸௠௜௫

𝑘஻𝑇
(4.2) 

Where mixing energy is represented by 𝐸௠௜௫ , 𝑘஻ is the Boltzmann constant, and T 

is the given temperature. 

Flory-Huggins model and molecular mechanics calculation methods were used to 

study miscibility behavior, and this was named the extended Flory-Huggins Theory. 

Coordination numbers and the binding energies for each molecular pair were 



 
 

47 

calculated using Monte Carlo-type minimizations. The temperature dependency was 

calculated using the Boltzmann factor (exp(-E/RT)) to calculate interaction 

parameters. Coordination numbers for each molecular pair were calculated via 

molecular simulations using 105 molecular clusters, and to accurately represent the 

behavior of real chains, the head and tail atoms of the polymer backbone were chosen 

not to interact. Geometry optimizations were performed with the semiempirical PM6 

calculations. The Merz-Kollman-based ESP algorithm [55] for the B3LYP basis set 

at the 6-31g** level was used to calculate the atomic charges of the optimized 

structures. Dispersion correction parameters were applied for Van der Waals 

dispersion and hydrogen bonding corrections [56]. The average binding energy at 

room temperature was calculated by creating 107  different block configurations and 

using the average of the weighted distribution function (𝑃௜௝), which is represented in 

Equation 4.3; 

〈𝐸௜௝〉் =
∫ 𝑑𝐸 𝐸 𝑃௜௝(𝐸)𝑒ି 

ா
ோ்

∫ 𝑑𝐸 𝑃௜௝(𝐸)𝑒ି 
ா

ோ்

(4.3) 

The difference in free energy caused by the interaction between the mixed and pure 

states is defined as mixing energy and is given in Equation 4.4. 

𝐸௠௜௫ =
1

2
൫𝑍௜௝〈𝐸௜௝〉 + 𝑍௝௜〈𝐸௝௜〉 − 𝑍௜௜〈𝐸௜௜〉 − 𝑍௝௝〈𝐸௝௝〉൯ (4.4) 

The  𝐸௜௝ represents the binding energies of pairs, and Z represents the coordination 

numbers, which means the average number of molecule i around molecule j, which 

is represented in Figure 4.3.  
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Figure 4.3. Depiction of example case for Eij and Eji binding energies, Zij and Zji 

coordination numbers. Note that pairwise binding energies are equal to Eij = Eji; 

coordination numbers do not have to be equal to Zij ≠ Zji. 

 

As explained before, obtaining a homogeneous nanocomposite is vital to increase 

interaction between the reinforcement material and the matrix, improving 

mechanical properties. Mixing energy calculations were obtained to investigate how 

different molecules interact with each other after mixing. The lowest energy 

structures obtained are shown in Figure 5.11. Pristine GR and GO structures with 

various functional groups were mixed with MDI, PTMO, urea, and urethane 

separately. GR/GO structures were chosen as the base (i), and the polymer parts were 

chosen as the screen (j), which means that each polymer part surrounded the GR/GO 

structures one by one. Then, the binding energies were calculated to investigate their 

non-bonded interaction for each base-screen pair based on the force field-based static 

calculation. These calculations were obtained for every possible base-screen 

interaction, and their average were used for this study. The coordination number 

calculation was performed using vdW volumes that point out how many other 

molecules are close to the given molecule in the mixture. Finally, mixing energy is 

calculated using binding energy and coordination numbers using Eqn. 4.4. 
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4.1.2 Molecular Dynamics Simulations 

MD simulations were performed to determine Young's modulus values, interaction 

energies, and RDF analysis of the GR/GO reinforced polyurea and polyurethane 

nanocomposites. Polyurethanes and polyureas were built according to their 

formation reactions. For the MD simulations, the first step was to obtain 

representative models of various polymer parts, such as diisocyanates (MDI, HMDI, 

HDI, MPDI, and PPDI), urea and urethane, which form the HS. The SS (PTMO, 

PCL, PEO) were modeled and combined to obtain a polymer chain. Figure 4.4. 

illustrates the preparation steps for MDI-PTMO-Urea polyurethane. First, MDI, 

Urea, and PTMO were modeled separately. Then, they were bonded from the head 

and tail atoms given in Figure 4.4. Four SS were used for every HS to increase 

flexibility. Using the same method, many polyurethanes and polyureas were formed 

systematically.  
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Figure 4.4. Preparation of initial MDI-PTMO-Urea polyurethane. a) MDI 

diisocyanate, b) Urea, c) PTMO, d) MDI-PTMO-Urea monomer, e) MDI-PTMO-

Urea polyurea chain with four monomers (Note that the white beads are hydrogen, 

gray ones are carbon, red ones are oxygen and blue ones are the nitrogen. The marked 

atoms represent the bonding head and tail atoms). 

 

As mentioned, we used two types of pristine GR (GR1 and GR2) and three kinds of 

GO (GO1, GO2, and GO3) in this study. Hence, we could see the differences in the 

functional group effect. To obtain these GR/GO, we formed GR1 and GR2, and then 

by breaking the aromatic bonds and adding the oxygen-containing functional groups, 

GR functionalized to obtain GO. The functional groups were positioned randomly 

on both sides of the GO. To differentiate the oxygen content, we used the 

oxygen/carbon (O/C) ratio given in Table 4.1. 
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Table 4.1. GR/GO types used for MD simulations, including their name, chemical 

formula, and O/C ratio. 

GR/GO Type Chemical 
Formula 

O/C ratio 

GR-1 C168 H36 0 
GR-2  C252 H44 0 
GO-1 C170 H40 O52 0.31 
GO-2 C254 H55 O58 0.23 
GO-3 C253 H56 O37 0.15 

 

The following process was followed to form GR and GO amorphous cells. Figure 

4.5 illustrates the MD simulation method for four plates of GO1-reinforced MDI-

PTMO-Urea nanocomposite as an example of the MD simulations and Young's 

modulus and interaction energy calculation for this study.  

 

 

Figure 4.5. Calculation of Young's modulus values for four plates of GO1-reinforced 

MDI-PTMO-Urea nanocomposite using MD simulations. 
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As described in Figure 4.5, for all of the GR/GO, we used 80×80×80 Å initial cell 

size and 0.5 g/cm3 density. We performed MD simulations to understand the amount 

of GR/GO effect on the nanocomposite. Therefore, for the GR1 and GO1 

components, we increased the number of plates from one to four. For the GR2, we 

increased the number of plates from one to three since it has a larger surface with 

more atoms. GR/GO were dispersed in the cell homogenously to obtain evenly 

distributed interaction with the polymer. After packing GR/GO-containing cells with 

polyurea and polyurethanes, we obtained amorphous nanocomposites. Only MDI-

PTMO-Urea and MDI-PTMO-Urethane were used as polymer matrices to calculate 

this effect and compare different GO types. The temperature was fixed at 298 K, 

with no external pressure during the packing and 1 atm pressure during MD 

simulations. 

For every nanocomposite model, a minimum of three cells were built. Then, 

geometry optimization was performed for these cells for a maximum of 5000 

iterations for each cell with constant volume. The energy convergence criteria were 

0.001 kcal/mol, and the force criteria were 0.5 kcal/mol/Å in the geometry 

optimization.  

The structures with the lowest potential energy configurations were selected to 

prevent energy fluctuations during the MD simulations. The particle-particle-

particle-mesh (PPPM) method was used for the electrostatic summation method. 

This method was used since it gives faster results for large systems compared to the 

Ewald method for higher CPU units. The cut-off distance was 12.5 Å for non-bonded 

vdW interactions.  The initial density for all nanocomposites was 0.5 g/cm3, and the 

final densities were between 1.0 and 1.2 g/cm3 close to the experimental values. 

As the second and third parameters, we investigate the effect of HS and SS on 

Young's modulus and interaction energy values for the polyurethane and polyureas 

interaction with GR/GO. Therefore, to investigate the HS effect, we used HDI, 

HMDI, MPDI, and PPDI as the diisocyanate group of the HS in addition to the MDI. 
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We kept the urea and urethane parts and PTMO as SS in the chains to study the effect 

of diisocyanate. The HS diisocyanates and SS parts are given in Figure 4.6.  

We kept the MDI-urea and MDI-urethane HS fixed to investigate the SS effect. As 

the SS, we used PEO, PTMO and PCL. For all these HS and SS comparisons to be 

comparable and reliable, we used three plates of GO1 as the reinforcement material. 

The other cell construction and calculation parameters were identical to MDI-

PTMO-Urea and urethane cases. 

In addition, Young’s modulus values and interaction energies were calculated for all 

polymers without any nanofiller using the same calculation parameters for 

comparison. 

 

 

Figure 4.6. a) HS of polyurethane and polyureas, b) a) HS of polyurethane and 

polyureas. (Note that the white beads are hydrogen, gray ones are carbon, red ones 

are oxygen, and the marked atoms represent the bonding points). 

 

Using the nanocomposite cells with minimum potential energy, MD simulations 

were performed using an open-source software package LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator)  [57]  in the MAPS software 
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package (Materials and Process Simulations, Version 4.4) developed by Scienomics. 

The simulations were run at TUBITAK ULAKBIM, High Performance and Grid 

Computing Center (Arf resources) at Levrek grid. 

As the forcefield, calculating bonded and non-bonded parameters for all atom types 

and functional groups in the nanocomposites was needed. Therefore, SciPCFF 

(Scienomics Polymer Consistent Force Field) was used. Also, it is possible to 

calculate many mechanical, electrical, and thermal properties of the materials with 

accuracy to the experimental value of this forcefield. SciPCFF is a consistent Class 

II forcefield parameterized using quantum chemical interactions and experimental 

data using the improved set of molecular interaction equations as PCFF [58]. The 

SciPCFF forcefield also contains the 9-6 Leonard-Jones (LJ) potentials, and the bond 

increment parameters were used for charge calculation [59].  

MD simulations were performed at the NPT ensemble at 298 K temperature and 1 

atm pressure. To keep the temperature and pressure constant with the fixed shape of 

the cell, the Nose-Hoover thermostat and barostat were used. First, 5000 ps 

simulations were performed with a 1 fs time step for all cells and temperature, 

energy, and density were obtained at the end of each simulation. The total and 

potential energies and density were constant at the end of these simulations.  

Another 3000 ps MD simulation was performed with the same conditions to calculate 

Young's modulus at one dimension. Young's modulus means the resistance to elastic 

deformation. It can be described as the ratio of stress to strain. The strain tensor, 𝜀 

can be defined as Equation 4.1. 

For Young's modulus analysis, the final trajectory was used using the constant strain 

method [60]. The maximum strain amplitude was selected as 5% ±0.003. 

𝜀 = ൭

𝜀ଵଵ 𝜀ଵଶ 𝜀ଵଷ

𝜀ଶଵ 𝜀ଶଶ 𝜀ଶଷ

𝜀ଷଵ 𝜀ଷଶ 𝜀ଷଷ

൱ (4.1) 
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The stress tensor 𝜎, can be determined by selecting a constant number of atoms and 

temperature as the change in the free energy with respect to strain. It can be 

calculated as given in Equation 4.2. 

𝜎 =  −
1

𝑉
෍ 〈𝑚௜𝜗௜𝜗௜

் +
1

2
 ൫𝑟௜𝐹௜

் + 𝐹௜𝑟௜
்൯〉

ே

௜ୀଵ

  (4.2) 

 

Where 𝑚௜ represents the mass, 𝜗௜ is the velocity, 𝑟௜  is the position, 𝐹௜ is the force of 

particle i. V represents the total volume, and N is the total number of particles. 

Generalized Hooke's Law is used to determine the stress-strain behavior of the 

material, which is given in Equation 4. 3. 

𝜎௜ = 𝐶௜௝  𝜀௜ (4.3) 

The stress vector is represented by 𝜎௜ in the Voight notation of stress tensor, and the 

strain vector is represented by 𝜀௜ vector.  𝐶௜௝ represents the 6×6 stiffness matrix.  

After MD simulations, potential energy, including bonded and non-bonded terms, 

was calculated for each nanocomposite cell and used to determine the interaction 

energies. We calculated the interaction energies for all simulated structures using the 

last three frames' 8 ns MD simulations (5 ns + 3 ns) results. We studied the GR/GO 

effect, the number of plates effect, HS and SS change effects on the interaction 

energies of GR/GO reinforced polyurea and polyurethane nanocomposites. This 

way, a better understanding of the interactions between GR/GO and polymer chains 

would be possible for different parameters. We used the last three frames of each 

simulation cell to calculate the potential energies for the nanocomposite, GR/GO, 

and polymer of the system. Then, arithmetic mean values for the last three fragments 

were used to calculate interaction energy using  Equation 4.4 [61]. 

∆𝐸௜௡௧ (𝐴𝐵) = 𝐸(𝐴𝐵) − 𝐸 (𝐴) − 𝐸(𝐵) (4.4) 
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In this equation, ∆𝐸௜௡௧(𝐴𝐵) represents the interaction energy between polymer and 

GR/GO, 𝐸(𝐴𝐵) is the potential energy of all cells, 𝐸 (𝐴) is the potential energy of 

the GR/GO and 𝐸(𝐵) is the potential energy of the polymer.   

Radial Distribution Function (RDF) analysis was applied to understand atom-to-

atom interactions and distributions of this interaction in the final three frames of MD 

simulations. RDF analysis is a method used to calculate and describe how the density 

of particles varies as a function of distance from a reference particle in the system. 

RDF measures the probability of finding a particle at a distance r from a reference 

particle relative to the probability expected for a completely random distribution at 

the same density. The calculation of the RDF is given in Equation 4.5 [62]. 

𝑔(𝑟) =
𝜌௥

𝜌଴
 (4.5) 

In Equation 4.5, r represents the distance, 𝑔(𝑟) indicates the radial distribution 

function, 𝜌௥ is the number density at distance r and 𝜌଴ is the average number density 

of the system. 

Similar to interaction energies, arithmetic mean values were used to analyze RDF 

values for the last three frames of the cells. RDF analysis will help us to understand 

the HS, SS, and GR/GO interactions in detail. Thus, increasing the interaction and 

understanding the type and number of these interactions between the reinforcement 

material and matrix would be helpful for future studies.  
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CHAPTER 5  

5 RESULTS AND DISCUSSION 

5.1 First Principle Calculations 

5.1.1 Density Functional Theory (DFT) Calculations 

The interaction energies and the lowest energy structures calculated between the 

functional groups of GR/GO and various PU components were investigated by using 

DFT calculations.  

These calculations were performed between the structures in Figure 4.1 and Figure 

4.2, starting from the different initial structures. Counterpoise-corrected 

complexation energy results were summarized in Table 5.1 for functionalized GO 

structures with different parts of the polymers. Figures 5.1 to 5.8 show the atomistic 

distances (Å) and the H-bonds between the GO and the main groups in the polymer 

after the DFT calculations.  

We performed another group of DFT calculations to understand the contributions of 

self-interactions of GR/GO, urea, and urethane, which is essential to understanding 

the exfoliation of the Gr/GO layers in graphene. Figures 5.9 and 5.10 give the lowest 

energy structures, and the interaction energy results are presented in Table 5.2. 
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Table 5.1 Interaction energies between GO functional groups polymer parts using 

6-31g(d) basis set and M06-2X functional. 

GO functionals Polymer part Eint (kcal/mol) 

GR-2O 

MDI -22.63 
PTMO -13.12 
Urea -17.20 

Urethane -12.94 

GR-2OH 

MDI -25.78 
PTMO -21.48 
Urea -22.79 

Urethane -18.45 

GR-2(OH-O)-
asymmetrical 

MDI -23.50 
PTMO -17.52 
Urea -13.32 

Urethane -12.04 

GR-2(OH-O)-
symmetrical 

MDI -26.05 
PTMO -16.27 
Urea -13.25 

Urethane -12.07 

GR-COOH 

MDI -27.55 
PTMO -13.94 
Urea -17.62 

Urethane -14.18 

GR-EPOXY 

MDI -22.90 
PTMO -14.35 
Urea -14.20 

Urethane -13.09 

GR-O 

MDI -24.36 
PTMO -14.50 
Urea -13.24 

Urethane -10.48 

GR-OH-O 

MDI -26.34 
PTMO -21.09 
Urea -26.45 

Urethane -18.22 
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Table 5.2 Interaction energies of self-interaction of GR/GO structures, urea and 

urethane using 6-31g(d) basis set and M06-2X functional. 

Self-interaction Eint (kcal/mol) 

GR-GR -124.68 

GO-COOH -137.76 

GO-EPO -122.34 

GO-OH -58.91 

Urea -26.26 

Urethane -16.77 
 

Table 5.2 presented that -COOH edge-functionalized GO has the highest, and 

pristine GR self-interaction has the second highest self-interaction due to the π-

stacking. The reason for GO with -COOH to have the highest self-interaction can be 

explained by the edge hydrogen bonding and π-stacking of the surface. Urea and 

urethane, the most polar groups in the composite, have relatively lower self-

interactions with the GR/GO surface since they are small groups that only contain 

hydrogen bonding with each other.  

MDI, the least polar component of the polymer HS, provided the highest interaction 

with the GO surface. This means that GO structures are still relatively non-polar 

structures due to the high O/C ratio. Urea has higher self-interaction compared to 

urethane since it is more polar.  

Overall, GR/GO self-interactions are the highest interactions that limit the formation 

of nanocomposite. The second interaction is the urea self-interaction. As noted, GO-

MDI interactions are almost as high as urea self-interaction, which can contribute to 

the formation of a successful nanocomposite. Therefore, we can say that it is possible 

to overcome the HS self-interaction depending on the polymer type, resulting in 

better interaction with GR/GO. MDI provided the highest interaction energies with 

GO components and the least with GO structures. Due to its higher polarity, Urea 

interacts better than urethane with all polar groups on the GO structures. Therefore, 
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the functional group structure of the GO was not the only parameter. The other 

parameters were the polarity of polymer parts, the functional groups, and oxygen 

content.  

The strongest interaction was observed for COOH functionalized GO and MDI 

molecules. Figure 5.1-a indicates that a strong H-bonding occurs between MDI and 

oxygen of the COOH molecule. The second-highest interaction occurred between 

the OH and oxygen-functionalized GO and urea molecules (Figure 5.2-c). H-

bonding is observed between the urea oxygen and the GO's oxygen. The third highest 

interaction energy was between the MDI's hydrogen and the GO's oxygen. The 

higher the amount of oxygen on the GO structure, the better the chance of having H- 

H-bonding and, therefore, better interaction. The lowest interaction was observed 

between urethane and oxygen-functionalized GO (Figure 5.4-d) due to the repulsion 

between the oxygen of the urethane and the oxygen-functional group of GO. The 

second lowest interaction energy between asymmetrically placed 2-OH groups and 

two double-bonded oxygens at the opposite ends is given in Figure 5.5-d due to the 

repulsion between the urethane and GO. Also, it can be seen that the asymmetrical 

placement of the functional group of 2(OH-O) on the GO structure obtained less 

interaction energy than the symmetrical placement (Figure 5.6).  

Another significant result is the difference between edge and surface 

functionalization of GOs. Edge functionalization via carboxylic acid structures 

increases the self-interaction of GO compared to the GR. In addition, carboxylic acid 

edge functionalization decreases the distance between the GO layers. Oppositely, 

hydroxyl and epoxy functionalized GO both increase the basal spacing between GO 

layers and decrease the self-interaction of the GO layers. We concluded that while 

epoxy and hydroxyl groups successfully decrease the interaction energy between GO 

layers and increase the interlayer distances, carboxylic acid groups at the edges 

provided the interaction with the HS that leads to the intercalation of the polymer 

chains between the GO layers. Another significant result is the low possibility of 

preparing a completely homogeneous polymer/GO composite due to the tendency to 

self-aggregate the GO layers. 
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Figure 5.1. Hydrogen bonds and atomic distances between a COOH-functionalized-

GO and a) MDI, b) PTMO, c) Urea, and d) Urethane. 

 

 

Figure 5.2. Hydrogen bonds and atomic distances between two oxygen-

functionalized (at the neighboring carbons) GO and a) MDI, b) PTMO, c) Urea, d) 

Urethane. 
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Figure 5.3.  Hydrogen bonds and atomic distances between OH-functionalized-GO 

and a) MDI, b) PTMO, c) Urea, and d) Urethane. 

 

Figure 5.4. Hydrogen bonds and atomic distances between two oxygen-

functionalized (Carbons at the opposite sides)-GO and a) MDI, b) PTMO, c) Urea, 

d) Urethane. 
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Figure 5.5. Hydrogen bonds and atomic distances between two double-bonded-

oxygen and two OH functionalized, which were placed asymmetrically, GO and a) 

MDI, b) PTMO, c) Urea, d) Urethane. 

 

 

Figure 5.6. Hydrogen bonds and atomic distances between two double-bonded-

oxygen (at different benzene rings) and two OH functionalized, which were placed 

symmetrically, GO and a) MDI, b) PTMO, c) Urea, d) Urethane. 
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Figure 5.7. Hydrogen bonds and atomic distances between two OH-functionalized-

GO and a) MDI, b) PTMO, c) Urea, and d) Urethane. 

 

 

Figure 5.8. Hydrogen bonds and atomic distances between an epoxy-functionalized-

GO and a) MDI, b) PTMO, c) Urea, and d) Urethane. 
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Figure 5.9. a) GR-GR carbon atomic distances, b) GO-GO carbon atomic distance 

and hydrogen bonding between OH-functionalized GO, c) GO-GO carbon atomic 

distance and hydrogen bonding between EPOXY-functionalized GO, d) GO-GO 

carbon atomic distance and hydrogen bonding between COOH-functionalized GO. 

 

 

Figure 5.10. Hydrogen bonds and atomic distances of self-interactions a) Urea, b) 

Urethane. 
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5.1.2 Classical Monte Carlo and Molecular Dynamics 

5.1.2.1 Classical Mixing Energy Calculations 

DFT calculations consist of only one-to-one pairs for small molecular components 

to accurately determine pairwise interaction energies and atomic distances. Mixing 

energy calculations are performed using classical methods for larger GR/GO units, 

including the self-interactions of components and coordination numbers, using the 

extended Flory-Huggins Theory. It involves utilizing pairwise self- and inter-

molecular binding energies by generating 107 pairwise interactions and coordination 

numbers by generating 105 molecular clusters through the molecular mechanics 

method.  

The mixing energy calculation results are below in Table 5.3-5.13. The i represents 

the base GR/GO structures with different functional groups, whereas the j is the 

different polymer components. Emix is the mixing energy, Eii and Eij are the binding 

energies between the GR/GO and the polymers and Ejj is the self-interaction between 

the polymers. Zii, Zij, Zji, and Zjj are the coordination numbers of each component 

around each other. It can be seen that all of the Eij values are negative, meaning that 

there is an attraction between the GR/GO and the polymers. Emix energies are all 

positive because of the strong self-interaction between GR/GO sheets (Eii). Figure 

5.11 illustrates the lowest energy positions for the self-interactions of GR/GO 

structures among ten million pairs. It shows the lowest energy pair is GR self-

interaction due to strong π-stacking, indicating that GO functionalization is required 

to increase the basal spacing between graphene sheets. Increasing the oxygen content 

on the GO generally increases this basal distance especially for the surface 

functionalization, which can let the chain intercalation of polymers between the 

layers. The type and position of the functional groups on the GO also affect the 

repulsion and intermolecular distance.  
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Figure 5.11. Distance between GR/GO pairs. a) GR, b) GR/O, c) GR/2O, d) 

GR/2OH, e) GR/4OH, f) GR/OH-O, g) GR/2(OH-O) asymmetrical, h) GR/ (2OH-

O) symmetrical, i) GR/COOH, j) GR/2COOH, k) GR/EPOXY. 
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For the general understanding of the following discussions, note that more negative 

Eii, Eij, and Ejj values mean more attraction between i and j components, which is 

desired. The less positive  Emix value indicates a better mixing is obtained for this 

study. 

By increasing the number of ketone-type oxygen atoms on the GO, the GO self-

interaction and polymer-GO interaction increases (more negative), generally 

resulting in more positive mixing energy with polymer structures (Table 5.4 and 

Table 5.5). However, by increasing the number of -OH groups attached to the GO, 

both self-interaction (Eii) of GO and GO-polymer interaction (Eij) becomes less 

negative. Since the decrease of self-interaction in GO by -OH functionalization is 

more significant, a lower Emix value was obtained (Table 5.6 and Table 5.7). This 

means that by increasing the -OH amount on the GO, the decrease in the self-

interaction of GO is higher than the decrease in the intermolecular interaction. 

GR/GO self-interaction is determined to be the most critical parameter.  

The self-interaction of GR/COOH is stronger than GR/2COOH (Table 5.11 and 

Table 5.12), GR/2COOH mixes with polymer better than GO/COOH due to the less 

interaction between polymer matrix and GR/COOH. The difference is not 

significant. The mixing energies for the edge functionalization by -COOH groups 

increase the mixing energy value that supports the DFT results. Surface 

functionalization decreases GO self-interaction much better than edge 

functionalization. 

Symmetry of the -OH and -O functional groups is investigated with the GR/OH-O 

functional group. Tables 5.9 and 5.10 indicate that when the -OH and -O functional 

groups are positioned asymmetrically, the self-interaction of the GO structure is 

more negative due to the increasing H-bonding since the GO plates stack on top of 

each other, and H-bonding forms between the -OH and -O at the opposite ends 

(Figure 5.11-g, h). The GO/OH-O structure has the least negative self-interaction 

due to lower interactions (Table 5.8). Nevertheless, the most negative polymer/GO 
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interaction, Eij, forms between polymer and GR/2O, followed by asymmetric 

GR/2OH-O and symmetric GR/2OH-O. 

The intermolecular interaction, Eij, between GR/GO and MPDI is slightly less 

negative than the PPDI, meaning symmetric PPDI interacts better with GR/GO. Still, 

there is no significant difference between MPDI and PPDI for the mixing energy 

values since the mixing energy is mainly determined by GO self-interaction. 

The Eij value of urea-GO is more negative than urethane-GO. Thus, urea interacts 

better with the GR/GO due to its higher polarity. Emix of urea with GO is still more 

positive than urethane. This is due to urea-urea self-interaction stronger than 

urethane-urethane self-interaction (Ejj). GR/4OH and GR/2OH structures have the 

least positive Emix due to their high polarity, which provides more homogeneous 

mixing. 

PEO has the most positive mixing energy, Emix, for all GR/GO structures since it has 

the least negative Ejj self-interaction amongst the polymers. This means the PEO has 

the least self-interaction as well as the least polymer-GR/GO interaction. PCL has 

the least positive Emix amongst all the SS parts, unlike PEO, due to its lower polarity 

and one of the most negative interactions with GO. Although the highest self-

interaction was observed for PCL, the mixing is improved due to improved PCL-GO 

interaction. HMDI provides the most negative polymer-GR/GO interaction, Eij, 

among diisocyanate groups. Thus, it generally gave one of the least positive Emix 

values, which means it provides the highest polymer-GR/GO interaction as well as 

the lower mixing energy.  

GR/OH-O and GR/4OH provide the least attractive energies among GO self-

interactions since their Eii values are the least negative. However, this does not mean 

they mix better with the polymers since their interaction with the polymer is also 

essential. The self-interaction of the GR/GO structures was determined as the most 

critical factor for the homogeneity of the nanocomposite. Self-interaction of the 

polymer components is the least effective factor. Overall, the functional groups on 
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the GO have an essential role in both self-interaction and the interaction with the 

polymer matrix. 

 

Table 5.3 Mixing energies (Emix), self-interaction energies (Eii, Ejj), GR/GO-polymer 

interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphane and polymer 

structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/ 
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR 

UREA 187.96 -6.32 -2.94 -1.30 5.62 8.07 2.58 4.12 
URETHANE 186.52 -6.32 -2.76 -1.18 5.62 8.05 2.56 4.09 

MDI 175.66 -6.31 -3.30 -1.61 5.62 7.85 3.52 5.01 
HMDI 170.04 -6.31 -3.37 -1.60 5.62 7.42 3.57 4.87 
HDI 176.29 -6.31 -2.89 -1.19 5.62 7.71 3.09 4.49 

MPDI 168.39 -6.31 -2.83 -1.14 5.62 8.61 2.92 4.76 
PPDI 168.25 -6.31 -2.86 -1.17 5.62 8.61 2.93 4.75 

PTMO 181.87 -6.32 -2.81 -1.13 5.62 7.87 2.92 4.37 
PEO 192.96 -6.32 -2.53 -0.90 5.62 8.22 2.64 4.23 
PCL 167.59 -6.32 -3.15 -1.46 5.62 7.59 3.20 4.51 
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Table 5.4 Mixing energies (Emix), self-interaction energies (Eii, Ejj) and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with the oxygen functional group and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR
/ O 

UREA 198.42 -6.45 -2.99 -1.30 5.61 8.09 2.58 4.12 
URETHANE 197.04 -6.45 -2.81 -1.18 5.61 8.05 2.55 4.09 

MDI 184.17 -6.45 -3.32 -1.61 5.61 7.87 3.51 5.01 
HMDI 178.49 -6.45 -3.40 -1.60 5.61 7.43 3.57 4.88 
HDI 184.94 -6.45 -2.92 -1.19 5.61 7.71 3.09 4.49 

MPDI 176.60 -6.45 -2.85 -1.14 5.61 8.62 2.92 4.76 
PPDI 176.66 -6.45 -2.88 -1.17 5.61 8.63 2.93 4.76 

PTMO 191.78 -6.45 -2.83 -1.13 5.61 7.88 2.91 4.37 
PEO 203.11 -6.45 -2.54 -0.90 5.61 8.23 2.64 4.24 
PCL 177.71 -6.45 -3.17 -1.46 5.61 7.61 3.20 4.50 

 

Table 5.5 Mixing energies (Emix), self-interaction energies (Eii, Ejj), GR/GO-polymer 

interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of the two oxygen functional 

groups and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR
/2O 

UREA 207.54 -6.57 -3.05 -1.30 5.61 8.09 2.58 4.12 
URETHANE 205.61 -6.57 -2.85 -1.18 5.61 8.06 2.55 4.09 

MDI 194.48 -6.57 -3.34 -1.61 5.62 7.87 3.51 5.01 
HMDI 188.83 -6.57 -3.42 -1.60 5.62 7.44 3.57 4.88 
HDI 195.38 -6.57 -2.94 -1.19 5.62 7.72 3.08 4.49 

MPDI 187.09 -6.57 -2.87 -1.14 5.62 8.63 2.92 4.77 
PPDI 186.93 -6.57 -2.90 -1.17 5.62 8.64 2.92 4.76 

PTMO 199.65 -6.57 -2.85 -1.13 5.61 7.88 2.91 4.37 
PEO 211.13 -6.57 -2.55 -0.90 5.61 8.24 2.64 4.24 
PCL 185.73 -6.57 -3.18 -1.46 5.61 7.61 3.19 4.51 
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Table 5.6 Mixing energies (Emix), self-interaction energies (Eii, Ejj), GR/GO-polymer 

interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of the two hydroxyl 

functional groups and polymer structures. 

i j 
Emix 
(kcal
/mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/ 
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
2OH 

UREA 54.56 -5.72 -2.70 -1.30 5.62 8.15 2.60 4.12 

URETHANE 58.56 -5.72 -2.55 -1.18 5.62 8.12 2.57 4.09 

MDI 50.09 -5.72 -3.08 -1.61 5.61 7.87 3.52 5.01 

HMDI 47.28 -5.72 -3.13 -1.60 5.61 7.44 3.57 4.87 

HDI 55.82 -5.72 -2.66 -1.19 5.61 7.75 3.10 4.49 

MPDI 52.93 -5.72 -2.62 -1.14 5.61 8.66 2.93 4.76 

PPDI 50.99 -5.72 -2.64 -1.17 5.61 8.66 2.93 4.76 

PTMO 59.68 -5.72 -2.59 -1.13 5.62 7.91 2.92 4.36 

PEO 69.45 -5.72 -2.32 -0.90 5.62 8.28 2.66 4.24 

PCL 45.45 -5.72 -2.92 -1.46 5.62 7.64 3.20 4.52 
 

Table 5.7 Mixing energies (Emix), self-interaction energies (Eii, Ejj) and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with the four hydroxyl functional groups and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
4OH 

UREA 58.48 -5.43 -2.60 -1.30 5.61 8.22 2.59 4.12 
URETHANE 61.89 -5.43 -2.47 -1.18 5.61 8.21 2.57 4.09 

MDI 53.98 -5.42 -2.98 -1.61 5.60 7.92 3.51 5.01 
HMDI 51.87 -5.42 -3.01 -1.60 5.60 7.48 3.56 4.87 
HDI 62.54 -5.42 -2.55 -1.19 5.60 7.80 3.09 4.50 

MPDI 58.26 -5.42 -2.53 -1.14 5.60 8.73 2.92 4.77 
PPDI 57.33 -5.42 -2.55 -1.17 5.60 8.72 2.93 4.76 

PTMO 65.69 -5.43 -2.49 -1.13 5.61 7.98 2.92 4.36 
PEO 74.77 -5.43 -2.24 -0.90 5.61 8.36 2.65 4.24 
PCL 46.38 -5.43 -2.81 -1.46 5.61 7.67 3.20 4.51 
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Table 5.8 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of a hydroxyl 

functional group, an oxygen functional group, and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal
/mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
OH-O 

UREA 181.44 -5.38 -2.75 -1.30 5.61 8.23 2.49 4.12 
URETHANE 180.32 -5.38 -2.58 -1.18 5.61 8.19 2.46 4.09 

MDI 169.67 -5.38 -3.05 -1.61 5.61 8.14 3.37 5.00 
HMDI 163.88 -5.38 -3.13 -1.60 5.61 7.69 3.42 4.87 
HDI 170.39 -5.38 -2.68 -1.19 5.61 7.93 2.96 4.49 

MPDI 163.92 -5.38 -2.62 -1.14 5.61 8.85 2.81 4.76 
PPDI 163.95 -5.38 -2.64 -1.17 5.61 8.85 2.81 4.76 

PTMO 175.01 -5.38 -2.60 -1.13 5.61 8.08 2.80 4.36 
PEO 185.00 -5.38 -2.33 -0.90 5.61 8.40 2.55 4.24 
PCL 161.89 -5.38 -2.91 -1.46 5.61 7.84 3.07 4.51 

 

Table 5.9 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of asymmetrical two 

hydroxyl functional groups, two oxygen functional groups, and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
2OH-O 
(asym) 

UREA 213.58 -6.69 -3.08 -1.30 5.61 8.10 2.57 4.12 
URETHANE 211.91 -6.69 -2.88 -1.18 5.61 8.07 2.54 4.09 

MDI 201.37 -6.69 -3.36 -1.61 5.61 7.89 3.50 5.01 
HMDI 195.93 -6.69 -3.44 -1.60 5.61 7.45 3.55 4.87 
HDI 202.40 -6.69 -2.95 -1.19 5.61 7.74 3.08 4.49 

MPDI 193.99 -6.69 -2.89 -1.14 5.61 8.65 2.91 4.77 
PPDI 193.84 -6.69 -2.92 -1.17 5.61 8.66 2.91 4.76 

PTMO 205.95 -6.69 -2.86 -1.13 5.61 7.90 2.91 4.37 
PEO 217.52 -6.69 -2.56 -0.90 5.61 8.25 2.63 4.24 
PCL 191.47 -6.69 -3.20 -1.46 5.61 7.62 3.19 4.51 
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Table 5.10 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with symmetrical two hydroxyl functional groups, two oxygen functional groups, 

and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
2OH-O 
(sym) 

UREA 194.58 -5.52 -2.81 -1.30 5.62 8.24 2.49 4.12 
URETHANE 192.84 -5.52 -2.63 -1.18 5.62 8.20 2.46 4.09 

MDI 182.74 -5.52 -3.08 -1.61 5.61 8.17 3.35 5.01 
HMDI 176.96 -5.52 -3.16 -1.60 5.61 7.71 3.41 4.87 
HDI 183.52 -5.52 -2.71 -1.19 5.61 7.96 2.96 4.49 

MPDI 176.96 -5.52 -2.64 -1.14 5.61 8.87 2.80 4.76 
PPDI 176.95 -5.52 -2.67 -1.17 5.61 8.88 2.80 4.75 

PTMO 186.78 -5.52 -2.62 -1.13 5.62 8.10 2.79 4.37 
PEO 196.91 -5.52 -2.34 -0.90 5.62 8.41 2.54 4.24 
PCL 173.79 -5.52 -2.93 -1.46 5.62 7.86 3.07 4.51 

 

Table 5.11 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with a carboxylic acid functional group and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
COOH 

UREA 195.41 -6.23 -2.96 -1.30 5.61 8.12 2.56 4.12 

URETHANE 193.95 -6.23 -2.79 -1.18 5.61 8.09 2.54 4.09 
MDI 181.78 -6.23 -3.32 -1.61 5.61 7.91 3.49 5.01 

HMDI 175.97 -6.23 -3.39 -1.60 5.61 7.48 3.54 4.88 
HDI 182.42 -6.23 -2.91 -1.20 5.61 7.77 3.06 4.49 

MPDI 174.41 -6.23 -2.85 -1.14 5.61 8.67 2.90 4.77 
PPDI 174.47 -6.23 -2.88 -1.17 5.61 8.68 2.91 4.76 

PTMO 189.02 -6.23 -2.83 -1.13 5.61 7.93 2.89 4.37 
PEO 200.29 -6.23 -2.55 -0.90 5.61 8.27 2.62 4.24 

PCL 174.69 -6.23 -3.16 -1.46 5.61 7.65 3.18 4.51 
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Table 5.12 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with two carboxylic acid functional groups and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
2COOH 

UREA 191.27 -6.18 -2.99 -1.30 5.61 8.16 2.54 4.12 

URETHANE 189.74 -6.18 -2.81 -1.18 5.61 8.13 2.52 4.09 

MDI 172.72 -6.17 -3.34 -1.61 5.60 7.97 3.46 5.01 

HMDI 166.85 -6.17 -3.41 -1.60 5.60 7.53 3.51 4.87 

HDI 173.52 -6.17 -2.92 -1.19 5.60 7.82 3.04 4.49 

MPDI 165.43 -6.17 -2.87 -1.14 5.60 8.72 2.87 4.77 

PPDI 165.39 -6.17 -2.90 -1.17 5.60 8.73 2.88 4.76 

PTMO 184.58 -6.18 -2.85 -1.13 5.61 7.98 2.87 4.37 

PEO 196.02 -6.18 -2.56 -0.90 5.61 8.33 2.60 4.24 

PCL 170.21 -6.18 -3.18 -1.46 5.61 7.70 3.15 4.51 
 

Table 5.13 Mixing energies (Emix), self-interaction energies (Eii, Ejj), and GR/GO-

polymer interaction (Eij), and coordination numbers (Zii, Zij, Zjj) of graphene oxide 

with an epoxy functional group and polymer structures. 

i j 
Emix 

(kcal/ 
mol) 

Eii 
(kcal/
mol) 

Eij 
(kcal/
mol) 

Ejj 
(kcal/
mol) 

Zii Zij Zji Zjj 

GR/ 
Epoxy 

UREA 153.82 -6.05 -2.85 -1.30 5.62 8.09 2.59 4.12 
URETHANE 154.86 -6.05 -2.69 -1.18 5.62 8.07 2.56 4.09 

MDI 131.84 -6.05 -3.24 -1.61 5.61 7.86 3.52 5.01 
HMDI 126.56 -6.05 -3.29 -1.60 5.61 7.43 3.57 4.87 
HDI 138.42 -6.05 -2.81 -1.19 5.61 7.72 3.09 4.49 

MPDI 124.67 -6.05 -2.77 -1.14 5.61 8.63 2.92 4.77 
PPDI 126.51 -6.05 -2.80 -1.17 5.61 8.63 2.93 4.75 

PTMO 151.12 -6.05 -2.74 -1.13 5.62 7.89 2.92 4.37 
PEO 162.19 -6.05 -2.47 -0.90 5.62 8.24 2.65 4.24 
PCL 137.44 -6.05 -3.07 -1.46 5.62 7.60 3.20 4.51 
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5.1.2.2 All-Atom Molecular Dynamics Simulation Results 

Interaction energies were calculated for the final three trajectories of MD simulations 

by using the arithmetic mean values of interaction energies for periodic GR1, GR2, 

GO1, GO2, and GO3 reinforced polyurethane and polyurea, to investigate the effect 

of GR/GO nanofillers, which have varying oxygen content (Table 5.14).  

 

Table 5.14 Graphene and graphene oxide types and their oxygen-to-carbon ratios 

are used. 

GR/GO Type O/C Ratio 
GR-1 0 

GR-2 0 
GO-1 0.31 
GO-2 0.23 
GO-3 0.15 

 

The initial cell size was 80×80×80 Å. The final densities are between 1.0 and 1.2 

g/cm3, which is in the range of experimental polyurethane densities. Final density 

and Young's modulus values for pure polymers were given in Tables 5.15 and 5.16.  
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Table 5.15 Final density and Young's modulus values of pure polymer with various 

hard segments. 

Polymer Type Final Density (g/cm3) Young's Modulus (GPa) 

MDI-PTMO-urea 1.077 0.943 

HDI-PTMO-urea 1.034 0.310 

HMDI-PTMO-urea 1.033 0.950 

MPDI-PTMO-urea 1.101 0.913 

PPDI-PTMO-urea 1.099 1.250 

MDI-PTMO-urethane 1.103 1.024 

HDI-PTMO-urethane 1.050 0.061 

HMDI-PTMO-urethane 1.042 0.839 

MPDI-PTMO-urethane 1.116 1.445 

PPDI-PTMO-urethane 1.118 0.503 
 

Table 5.16 Final density and Young's modulus values of pure polymer with various 

soft segments. 

Polymer Type Final Density (g/cm3) Young's Modulus (GPa) 

MDI-PTMO-urea 1.077 0.943 

MDI-PEO-urea 1.133 1.532 

MDI-PCL-urea 1.109 1.474 

MDI-PTMO-urethane 1.103 1.024 

MDI-PEO-urethane 1.184 0.729 

MDI-PCL-urethane 1.147 1.030 
 

One, two, and three sheets of GR2, GO2, and GO3 were reinforced to the polymer 

matrix to calculate the effect of the amount of nanofiller in different simulations. 

However, since GR2, GO2, and GO3 are larger than GR1 and GO1, an additional 

fourth plate was added for GR1 and GO1. Tables 5.17 to 5.21 depict these interaction 

energies for nanocomposite cells, Young's modulus values, and densities. Figures 

5.12 and 5.13 suggest that GR1 and GR2 and their functionalized versions, GO1, 

GO2, and GO3 provide the negative interaction energy by using reinforcement 

material and increasing the number of plates. Negative interaction energy means 
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attraction between the nanofiller and the polymer matrix and more negative 

interaction energy means enhanced attraction between them. 

It was demonstrated that the pure polymer density was increased from 0.5 to 1.184 

g/cm3. For the GR2 structure, the interaction energy of the nanocomposites with urea 

was more negative than urethane generally. However, this is not always the case, as 

in GR1. Since the size of GR2 was bigger than GR1, the one-plate reinforced 

polymer has higher interaction energy therefore, stronger interaction with the 

polymer. Also, all the interactions are negative, which indicates reinforcement by 

additives without exception. 

Generally, interaction energies become more negative with the increasing number of 

GR/GO sheets for GR/GO nanofillers. It should be noted that it is not possible to 

regularly enhance the mechanical properties of polyurethanes in experiments by 

increasing the amount of nanofillers. The reason for the observed difference is the 

lack of the graphene π-stacking and aggregation in the MD simulations. In the 

simulations, the ideal case were modelled where the GR/GO sheets are 

homogeneously distributed to determine the possible enhancements. 

Generally, one can expect that urea will interact with polar surfaces such as GO, 

which is stronger than urethane. In the case of pure graphene sheet nanofiller, we 

could not observe any significant difference between the urea and urethane cases. 

The reason for that is the primary interaction between polyurethane/polyurea is 

determined by the relatively hydrophobic MDI and PTMO on the pristine 

hydrophobic graphene surface. 
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Table 5.17 Interaction energies, final density, and Young's modulus values of 1, 2, 

3 and 4 plates of GR1 reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane 

structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

1-plate of GR1 MDI-PTMO-urea -477.819 1.099 1.525 

2-plates of GR1 MDI-PTMO-urea -606.988 1.086 1.540 

3-plates of GR1 MDI-PTMO-urea -912.000 1.101 0.899 

4-plates of GR1 MDI-PTMO-urea -1209.596 1.111 0.113 

1-plate of GR1 MDI-PTMO-urethane -455.335 1.112 1.483 

2-plates of GR1 MDI-PTMO-urethane -602.968 1.104 1.176 

3-plates of GR1 MDI-PTMO-urethane -955.969 1.121 1.975 

4-plates of GR1 MDI-PTMO-urethane -1330.612 1.125 0.760 
 

Table 5.18  Interaction energies, final density, and Young's modulus values of 1, 2 

and 3 plates of GR2 reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane 

structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

1-plate of GR2 MDI-PTMO-urea -643.159 1.094 0.841 

2-plates of GR2 MDI-PTMO-urea -379.139 1.079 1.164 

3-plates of GR2 MDI-PTMO-urea -1118.685 1.103 1.668 

1-plate of GR2 MDI-PTMO-urethane -465.590 1.114 0.739 

2-plates of GR2 MDI-PTMO-urethane -311.351 1.127 0.694 

3-plates of GR2 MDI-PTMO-urethane -1201.826 1.123 1.546 
 

The highest attraction between the nanofiller and the polymer matrix was observed 

for the GO1, which has the highest amount of oxygen among all the GR/GO 

nanofillers. Significantly high interaction energies were observed for the urea case 

with a high amount of GO1. That means one should use high oxygen content GO for 

the more polar polymer chains for better interaction. 
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Table 5.19  Interaction energies, final density, and Young's modulus values of 1, 2, 

3 and 4 plates of GO1 reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane 

structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

1-plate of GO1 MDI-PTMO-urea -472.372 1.083 1.099 

2-plates of GO1 MDI-PTMO-urea -1088.865 1.087 1.123 

3-plates of GO1 MDI-PTMO-urea -1552.623 1.101 1.889 

4-plates of GO1 MDI-PTMO-urea -1972.180 1.132 0.516 

1-plate of GO1 MDI-PTMO-urethane -379.533 1.104 1.073 

2-plates of GO1 MDI-PTMO-urethane -1087.090 1.119 1.025 

3-plates of GO1 MDI-PTMO-urethane -1317.438 1.126 0.859 

4-plates of GO1 MDI-PTMO-urethane -1848.039 1.141 0.361 
 

GO2 has a higher oxygen amount than GO3 and generally shows more negative 

interaction energies with the polymers. The effect of urea and urethane is significant 

for the higher oxygen percentages such as GO1. However, the impact of PTMO and 

MDI becomes more critical for the pristine GR and low oxygen percentages of GO, 

which leads to the decreased interaction energy difference between polymers. The 

number of sheets is the only parameter determined for the GR and GO with low 

oxygen percentages. 
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Table 5.20 Interaction energies, final density, and Young's modulus values of 1, 2 

and 3 plates of GO2 reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane 

structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

1-plate of GO2 MDI-PTMO-urea -548.970 1.089 0.477 

2-plates of GO2 MDI-PTMO-urea -1510.671 1.100 2.547 

3-plates of GO2 MDI-PTMO-urea -1322.181 1.112 0.811 

1-plate of GO2 MDI-PTMO-urethane -601.294 1.116 0.352 

2-plates of GO2 MDI-PTMO-urethane -1141.242 1.127 0.503 

3-plates of GO2 MDI-PTMO-urethane -1742.400 1.139 0.760 
 

Table 5.21 Interaction energies, final density, and Young's modulus values of 1, 2 

and 3 plates of GO3 reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane 

structures.  

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

1-plate of GO3 MDI-PTMO-urea -403.836 1.094 0.709 

2-plates of GO3 MDI-PTMO-urea -1219.837 1.098 0.789 

3-plates of GO3 MDI-PTMO-urea -1567.744 1.118 0.836 

1-plate of GO3 MDI-PTMO-urethane -449.817 1.117 0.279 

2-plates of GO3 MDI-PTMO-urethane -1117.753 1.124 0.155 

3-plates of GO3 MDI-PTMO-urethane -1534.011 1.140 2.427 
 

Figures 5.12 and 5.13 illustrate the interaction energy values with varying types and 

numbers of reinforcement GR/GO plates. It is clearly seen that by increasing the 

number of GR/GO plates, interaction energy becomes more negative due to 

increasing attraction between the nanofiller and matrix, especially for the polyureas. 

Also, the functionalization of the GR improves the attraction between the polymer 

and the GR/GO. Therefore, the amount of nanofiller and its functionalization is 

important. 
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Figure 5.12. Interaction energies of different amounts of GR1 and GO1. 

 

 

Figure 5.13. Interaction energies of different amounts of GR2, GO2, and GO3. 

 

To calculate the effect of hard segments; MDI, HDI, HMDI, MPDI, and PPDI were 

used with urea and urethane with PTMO as the matrix, and all of them were 

reinforced with GR1 and GO1. The interaction energies, final densities, and Young's 
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modulus values are in Tables 5.22 and 5.23. Generally, interaction energies do not 

provide significant differences for the alternating diisocyanate structure. As 

predicted by previous studies, interaction energies are slightly lower for the non-

symmetric MPDI than for PPDI. We concluded that the non-polar diisocyanate 

center interacts with the non-polar carbon-rich part of the GR/GO, and urea/urethane 

interacts with the oxygen-functionalized groups on the GR/GO. 

 

Table 5.22 Interaction energies, final density, and Young's modulus values of 3-

plates of GR1 reinforced polymer matrices with changing HS structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

3-plates of GR1 MDI-PTMO-urea -912.000 1.101 0.899 

3-plates of GR1 HDI-PTMO-urea -1091.857 1.062 0.306 

3-plates of GR1 HMDI-PTMO-urea -834.724 1.037 1.476 

3-plates of GR1 MPDI-PTMO-urea -760.822 1.112 0.719 

3-plates of GR1 PPDI-PTMO-urea -821.124 1.113 1.171 

3-plates of GR1 MDI-PTMO-urethane -955.969 1.121 1.975 

3-plates of GR1 HDI-PTMO-urethane -921.987 1.062 0.473 

3-plates of GR1 HMDI-PTMO-urethane -784.877 1.060 0.229 

3-plates of GR1 MPDI-PTMO-urethane -836.287 1.125 1.111 

3-plates of GR1 PPDI-PTMO-urethane -1060.607 1.134 1.071 
 

In the case of high oxygen content GO1, the results are not in agreement, and we 

could not determine any trend due to weak interactions. This result is due to the 

highly diverse functional groups on the GO1. The interaction depends on the HS 

interaction with the oxygens, and our initial structures are random. Our results 

indicate the non-interacting functional groups between GO1 and polymers due to the 

randomness of the initial structures. Cell sizes and the number of samples should be 

increased to observe the difference between diisocyanate groups. Another significant 

result is that large-scale classical calculations could not reach the sensitivity of DFT 

calculations for the functional group interactions. 
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Table 5.23 Interaction energies, final density, and Young's modulus values of 3-

plates of GO1 reinforced polymer matrices with changing HS structures. 

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

3-plates of GO1 MDI-PTMO-urea -1552.623 1.101 1.889 

3-plates of GO1 HDI-PTMO-urea -1270.802 1.060 0.764 

3-plates of GO1 HMDI-PTMO-urea -1367.590 1.036 0.427 

3-plates of GO1 MPDI-PTMO-urea -1496.666 1.118 1.038 

3-plates of GO1 PPDI-PTMO-urea -1424.761 1.116 0.340 

3-plates of GO1 MDI-PTMO-urethane -1317.438 1.126 0.859 

3-plates of GO1 HDI-PTMO-urethane -1392.348 1.077 0.278 

3-plates of GO1 HMDI-PTMO-urethane -1390.387 1.077 0.127 

3-plates of GO1 MPDI-PTMO-urethane -1522.750 1.127 1.005 

3-plates of GO1 PPDI-PTMO-urethane -1512.341 1.137 0.630 
 

It is shown that the lowest Young's modulus of pure polymer is HDI-PTMO-urethane 

with 0.061 GPa, and the highest GO-induced nanopolymer version of it is 0.278 GPa 

with a 3.5 times increase. The second-highest increase of Young's modulus is also 

found in MDI-PTMO-urea and urethane. 

To calculate the effect of SS; PTMO, PEO, and PCL were used with urea and 

urethane with MDI as the matrix, and all of them were reinforced with three plates 

of GR1 and GO1. The interaction energies, final densities, and Young's modulus 

values are in Tables 5.24 and 5.25. 

For the SS effect, it is clear that the attraction between the nanofiller and the polymer 

matrix was much higher for the GO1 compared to GR1. In the GR1 reinforcement, 

when the least polar SS PTMO was used, the most negative interaction energy was 

calculated, and for the most polar SS PEO, the least negative interaction energy was 

observed for the polyurethanes. However, GO1-reinforced polyurethanes indicated 

that the most negative interaction energies were calculated for the most polar SS 

PEO, and the least negative interaction energies were calculated for the least polar 

PTMO. It should be noted that this polarity effect was not observed for the polyureas. 
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These results are essential to optimize GR/GO-reinforced polyurethane 

nanocomposites. Our results indicated that SS with low polarity had stronger 

interaction with GR1, and SS with higher polarity had stronger interaction with high 

oxygen percentage GO1. GO generally provides more negative interaction energy 

than GR independent from polymer structure.  

 

Table 5.24 Interaction energies, final density, and Young's modulus values of 3-

plates of GR1 reinforced polymer matrices with changing SS structures.  

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 
3-plates of GR1 MDI-PTMO-urea -912.000 1.101 0.899 
3-plates of GR1 MDI-PEO-urea -906.694 1.177 0.742 
3-plates of GR1 MDI-PCL-urea -1096.458 1.146 1.612 
3-plates of GR1 MDI-PTMO-urethane -955.969 1.121 1.975 
3-plates of GR1 MDI-PEO-urethane -901.990 1.211 1.302 
3-plates of GR1 MDI-PCL-urethane -909.843 1.156 1.806 

 

Table 5.25 Interaction energies, final density, and Young's modulus values of 3-

plates of GO1 reinforced polymer matrices with changing SS structures.  

GR/GO Type Polymer Type 
Interaction 

Energy 
(kcal/mol) 

Final 
Density 
(g/cm3) 

Young's 
Modulus 

(GPa) 

3-plates of GO1 MDI-PTMO-urea -1552.623 1.101 1.889 

3-plates of GO1 MDI-PEO-urea -1558.907 1.189 0.647 

3-plates of GO1 MDI-PCL-urea -1568.416 1.134 1.936 

3-plates of GO1 MDI-PTMO-urethane -1317.438 1.126 0.859 

3-plates of GO1 MDI-PEO-urethane -1764.281 1.219 0.071 

3-plates of GO1 MDI-PCL-urethane -1573.544 1.171 1.413 
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RDF analysis was performed to understand the atomistic details of equilibrated MD 

simulation results. Normalized radial distribution functions for various structures 

and interactions were given in Figures 5.14 to 5.18.  

First, to understand details about the HS self-interactions, urea-urea and urethane-

urethane interactions were investigated using three plates of GO1 and GR1 

reinforced MDI-PTMO-Urea and MDI-PTMO-Urethane nanocomposites. It can be 

seen from Figure 5.14 that the GR1-reinforced urea-urea has the highest number of 

interactions, and the second highest number of interactions was GO1-reinforced 

urea-urea self-interaction since urea is more polar than urethane. The urethane-

urethane self-interaction for GR1 and GO1 was the next highest group of self-

interactions for the carboxyl oxygen and amine hydrogen owing to the double bond 

of oxygen. HS self-aggregation is the primary chain interaction in the polyurethanes 

and polyureas, which provides strength. We observed the highest HS self-interaction 

for the pristine GR1. The HS self-interaction has shown a significant decrease in the 

GO addition for all interactions. As demonstrated by the following RDF analysis, we 

can conclude that some HS aggregates dissolve and move to the GO surface. The HS 

self-interaction is slightly decreasing with the increasing oxygen content. Although 

the rigidity of the HS is expected to decrease with this effect, the strength and 

reinforcement provided by the GO-HS are much higher than the polymer due to the 

lateral dimensions of the GO. 
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Figure 5.14. The radial distribution function for the intermolecular interaction 

between the carbonyl oxygen of urea and urethane and urethane oxygen of urea and 

amine hydrogen and their representative models. 

 

To understand the HS-GO interaction, epoxy oxygens and urea and urethane 

interactions were investigated for GO1, GO2, and GO3, as given in Figure 5.15. It 

can be seen that around 2 Å, the number of interactions GO3>GO2>GO1 for urea, 

whereas for urethane, the distance is higher, and interaction numbers are 

GO1>GO3>GO2. Therefore, epoxy and amine group interactions depend on the 

oxygen, urea, and urethane content. Also, for the urethane HS, additional peaks 

indicate interaction with neighboring epoxy oxygens. It explains why urethane HS 

has many interactions with GO, even though they are less polar compared to the urea. 
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Figure 5.15. The radial distribution function for the intermolecular interaction 

between amine hydrogens of urea and urethane with the oxygens of epoxy functional 

groups on the GO and their representative models. 

 

Since the interaction number is the highest between the carbonyl oxygen and 

hydrogens of urea, as given in Figure 5.14, we wanted to monitor the effect of various 

oxygen content effects between carbonyl oxygens of urea/urethane and hydroxyl 

atoms on the GO (Figure 5.16). 
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Figure 5.16. The radial distribution function for the intermolecular interaction 

between the hydroxyl group of GO and carbonyl groups and their representative 

models. 

 

The oxygen content of GO is in the order of GO1>GO2>GO3. Figure 5.16 illustrates 

that the highest number of interactions is calculated between urethane carbonyl 

oxygen and hydroxyl of GO3 that have lower oxygen content. Urethane showed a 

higher number of interactions compared to the urea with GO3 and GO2 and a lower 

interaction number with GO1. The higher the oxygen amount, the higher the number 

of interactions for urea. It can be seen from Figures 5.15 and 5.16 that the hydroxyl 

group's interaction number is higher than the epoxy group's interaction for the HS. 

Moreover, we observed a second peak for all cases originating from the neighboring 

hydroxyl and epoxy groups on the surface. Another interesting result is that 

interaction distance decreases when the number of interactions increases. Therefore, 

the polymer can reach closer distances to the GO surface. The reason for that can be 

the repulsion of the hydrophobic MDI and PTMO groups by the oxygen-rich GO1. 

An optimized point can be reached where the MDI and PTMO get closer to the 

moderate O/C ratio than the highest and lowest O/C ratio. Therefore, to investigate 

the interaction of GO-SS, we performed an RDF analysis between PTMO oxygens 
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and hydrogens of the amine groups of urea/urethane, which is given in Figure 5.17. 

It was determined that GO-SS interaction is almost the same for GO structures 

independent of the oxygen content. 

 

 

Figure 5.17. The radial distribution function for the intermolecular interaction 

between SS, PTMO, oxygens, and amine hydrogens and their representative models. 

 

To observe the overall result of HS-HS, HS-GO and HS-SS interactions, RDF 

analysis results are given in Figure 5.18. Since the number of polymer functional 

groups and functional groups on the GO are not the same, normalization is applied 

for the RDF results by dividing the g(r) value by the functional group number on 

each side of GO or dividing it by the urea/urethane or the SS number in one polymer 

chain. Our results indicate that hydrogen bonding is required for the strong 

interaction between components; however, the main mixing effect depends on the 

hydrophobic effects provided by the MDI-PTMO and most of the unfunctionalized 

graphene surface. This means that hydrophobic parts bring the components closer, 

and the hydrophilic parts provide stronger types of interactions.  
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Figure 5.18. The radial distribution function for the intermolecular interaction 

between the GO-HS and GO-SS interactions. (Note that normalization is applied). 

 

Overall, we searched for many interactions between HS-HS, HS-GO, and HS-SS. 

We observed that the most critical interactions in the polymer chains are urea-urea 
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and urethane-urethane interactions, making these polymer materials unique. We 

showed that the interaction of urethane and urea groups, HS, with GO surface 

oxygens, is stronger than the HS interaction with PTMO, SS. We propose that HS-

HS>HS-GO>HS-SS is the material's main order of HS interactions. The main 

challenge for these materials is increasing the interaction of HS with the GO surface. 
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CHAPTER 6  

6 CONCLUSION 

Obtaining highly dispersed graphene sheets and their enhanced interaction with the 

polyurethane/polyurea matrix to prepare graphene-reinforced PU composite with 

improved properties is one of the essential challenges for the polymer industry. This 

thesis studied the type and number of functional groups on GO, the mass percentage 

of GO, and the PU structure through theoretical methods. First principle DFT 

calculations and classical mechanics calculations were performed in this thesis to 

understand the interfacial interactions between GR/GO reinforcement materials and 

polyurea/polyurethane matrices. This reinforcement was investigated using various 

oxygen ratios, functional groups, HS and SS types, and the amount of nanofiller.  

GR/GO self-interactions are determined as the highest interaction in the system, 

which limits the GR/GO-polymer interaction and GR/GO dispersion. The second 

highest interactions are the HS self-interaction and HS-GO interactions.  Our results 

indicate that obtaining an optimized GO-reinforced PU nanocomposite is possible 

by decreasing the percentage of GR/GO to minimize their self-interaction and 

maximize HS-GO interaction. Our results showed that the functional groups of GO 

are not the only parameters for GO-polyurea and polyurethane interaction. The 

polarity of the polymer parts, the oxygen content of GO, and hydrogen bonding are 

calculated as the other parameters. The position of the functional groups on GO is 

also essential since the edge functional groups, such as carboxylic acid, do not 

increase the distance between GR/GO sheets, unlike epoxy and hydroxyl groups on 

the surface.  

Increasing the number of epoxy groups on the GO decreases (less positive) the 

mixing energy, which means that more homogeneous mixing was obtained. 

Similarly, increasing the hydroxyl group amount on the GO decreases mixing energy 
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(becomes less positive) more than the epoxy functional group, indicating that more 

homogeneous mixing was obtained with hydroxyl functionalized GO. However, as 

observed for the carboxylic acid, mixing energy is not the only parameter; self-

interaction is also important to engineer a GO-polyurea and polyurethane 

nanocomposite with enhanced interaction. The hydrogen bonding between the 

functional groups also affects the interaction, where urea performs better with 

GR/GO than the urethane groups. The polarity of the matrix is another critical 

parameter for increasing interaction with the nanofiller; the higher the polarity, the 

higher the mixing is obtained for GO. Therefore, high polymer polarity with 

homogenously functionalized GO is desired to obtain a homogenous nanocomposite.  

All the GO structures used in this study increased the interaction energies with the 

PUs compared to their pristine GR. For all types of GR/GO, the interaction energies 

of the nanocomposite were increased by the amount of GR/GO. The literature 

showed a maximum point for the wt% of the GO nanofiller in polyurethanes. The 

reason for the continuous increase in the interaction energy by increasing the number 

of GR/GO in the simulation results is based on the continuous increase in the surface 

area, which was not possible in the experimental studies due to self-aggregation. Our 

simulation cells include nanocomposites with completely dispersed GO sheets in the 

polyurea/polyurethane matrix where GR/GO stacking was neglected, which seems 

inevitable in real life. Our results showed that it is possible to improve properties in 

the future by complete dispersion of GO sheets in the experiments. 

Using urea instead of urethane was also crucial in increasing the interaction between 

reinforcement material and matrix for high-content oxygen GOs due to its high 

polarity. For the low oxygen content GR/GO, SS with low polarity showed stronger 

interaction, whereas SS with high polarity showed higher interaction with high-

oxygen content GO.  

Self-interaction for the HS is the highest when reinforced with GR1, mainly due to 

hydrogen bonding between the carboxyl oxygen and amine groups. For both urea 

and urethane, the number of self-interactions decreases when reinforced with GO1. 
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We concluded that the aggregates of HS dissolve and interact with GO. Interestingly, 

there are more interactions between low oxygen-content GOs and urea/urethanes. 

However, for the oxygen-rich GO1, the number of interactions is less. This can be 

due to the repulsion between the oxygen functional groups and hydrophobic parts of 

the polymer, such as MDI and PTMO. 

Overall, a good balance between homogeneously distributed epoxy, hydroxyl, and 

carboxylic acid functional groups on both sides of the GO with a polyurea and 

polyurethane with polar polymer parts is desired. Therefore, high polymer polarity 

provided by HS  

with homogenously functionalized GO is optimal for obtaining a homogenous 

nanocomposite. Even though a systematical Young’s modulus increase could not be 

obtained for this study, all of the reinforced polyurea and polyurethanes had density 

obtained according to the literature. In addition, negative interaction energies were 

obtained for all the nanocomposites, meaning there was an attraction between the 

nanofiller and the matrix. Young modulus values could not be calculated at 

experimental values because the directionality of the final position of GR/GO plates 

was not always the same, and our calculations were limited to one dimension. Still, 

we showed that the HDI-PTMO-urethane showed a substantial increase of 3.5 times 

Young’s modulus, which is quite promising. Hydrogen bonding is required for 

strong interaction between the reinforcement material and matrix. However, the 

hydrophobic effects also play an essential role due to the carbon-rich backbone of 

both materials. Hydrophobic parts of the polymer interact with the nonfunctionalized 

parts of GO, while the hydrophilic parts interact strongly with the functional groups. 

In summary, well-understood molecular details and some parameters for the 

homogeneous PU-GR/GO material with enhanced properties were determined, 

which is critical output for the polyurethane industry. 
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