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ÖZYEĞİN UNIVERSITY

AUGUST, 2025



MOLECULAR DYNAMICS SIMULATIONS OF INTERFACIAL
BEHAVIOR IN INDUSTRIAL COMPOSITE MATERIALS

by
Nasim Samadpour

Thesis
Submitted in Partial Fulfillment of the

Requirements for the Degree of

Master of Science

in
Mechanical Engineering

Advisor: Assoc. Prof. İlknur Eruçar Fındıkçı
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ABSTRACT

Composite materials are widely used in aerospace, automotive, and defense in-

dustries due to their excellent strength, high stiffness-to-weight ratio and corrosion resis-

tance. Beyond these sectors, two other important areas for composites are the construc-

tion industry and natural gas purification. In construction, cementitious composites that

incorporate recycled rubber have emerged as a promising approach to enhance concrete

performance while mitigating the environmental impact of waste rubber, with nearly one

billion tires discarded annually. In gas purification, polymer-based composite membranes

are typically fabricated by embedding porous nanoparticles into a polymer matrix, thereby

improving the separation performance and durability of the membranes. In both indus-

tries, the performance of composite materials is strongly influenced by the compatibility

between their constituent components.

In rubber/concrete composites, the hydrophobic nature of rubber particles weak-

ens their adhesion to the hydrophilic cement matrix, compromising the strength and dura-

bility of the composite. To overcome this limitation, improving the rubber-concrete in-

terfacial bond is required to develop high-performance, sustainable construction mate-

rials. With this motivation, in the first part of the thesis, we build atomistic models of

the rubber/Calcium Silicate Hydrate (CSH) interface and perform Molecular Dynam-

ics (MD) simulations to investigate its structural properties using Radial Distribution

Function (RDF) and by calculating the interfacial adhesion energy. We then evaluated sev-

eral surface modification strategies to improve the bonding between rubber and cement.

Specifically, we considered different polymers, including Polycarboxylate Ether (PCE),

Carboxymethyl Cellulose (CMC) and Polyvinyl Alcohol (PVOH) between concrete and

rubber. Among these, the rubber/concrete/PCE composite showed a 7.3% increase in

interfacial adhesion energy of compared to the unmodified rubber-concrete composite.
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In addition, when comparing the binding performance of CMC and PVOH, the rubber/-

concrete/CMC composite exhibited a 17.08% higher interfacial adhesion energy than the

rubber/concrete/PVOH system.

In the second part of this thesis, we investigated the carbon dioxide (CO2) sep-

aration performance of composite materials used in the natural gas purification. We

build atomistic models of Zeolitic Imidazolate Framework-8(ZIF-8)/Polymer of Intrin-

sic Microporosity-1 (PIM-1) interface. To assess gas separation behavior, we employed

gas permeation models, including the classical Maxwell model and the modified Felske

model, using adsorption and diffusion data obtained from Grand Canonical Monte Carlo

(GCMC) and MD simulations. We studied both pristine PIM-1 and amine-functionalized

PIM-1 (AF-PIM-1), each combined with either crystal ZIF-8 or ZIF-8 under pressure

(aZIF-8@0.4GPa), to construct a variety of Mixed Matrix Membranes (MMMs). Our

results showed that MMMs incorporating aZIF-8@0.4GPa with PIM-1 exhibit a mod-

est (1.4%) increase in interfacial adhesion energy compared to those containing cryZIF-8

with PIM-1. Additionally, the modified Felske model provided more accurate predic-

tions of MMM permeability, showing lower deviation from experimental results than the

Maxwell model.

By analyzing different material classes including ZIFs, polymers and concrete,

this thesis demonstrates that targeted surface or filler modifications can enhance interfacial

bonding. The findings contribute to both the recycling of waste tires in the construction

sector and the development of advanced membranes for gas separation.

Keywords: Composite materials, calcium silicate hydrate, interfacial adhesion energy,

molecular dynamics simulations, ZIF-8 membrane
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ÖZET

Kompozit malzemeler, hafiflikleri, yüksek mukavemet/ağırlık oranları ve korozyo-

n dirençleri nedeniyle havacılık, otomotiv ve savunma sanayilerinde yaygın olarak kul-

lanılmaktadır. Bu sektörlerin ötesinde, kompozitlerin kullanımına yönelik iki önemli alan

ise inşaat sektörü ve doğal gaz ayrımıdır. İnşaat alanında, geri dönüştürülmüş kauçuk

içeren çimento esaslı kompozitler, hem betonun performansını artırmak hem de her yıl

yaklaşık bir milyar adet atık lastiğin çevresel etkisini azaltmak için umut verici bir yaklaşı-

m olarak ortaya çıkmıştır. Gaz ayrımında ise, polimer esaslı kompozit membranlar genel-

likle gözenekli nanoparçacıkların bir polimer matrise gömülmesiyle üretilir, bu sayede

membranların ayırma performansı ve dayanıklılığı artırılır. Her iki endüstride de, kom-

pozit malzemelerin performansı, bileşenleri arasındaki uyumluluk tarafından büyük ölçü-

de etkilenmektedir.

Kauçuk/beton kompozitlerinde, kauçuk parçacıklarının hidrofobik doğası, onların

hidrofilik çimento matrisiyle olan yapışmasını zayıflatmaktadır ve bu durum, kompoz-

itin dayanımını olumsuz etkilemektedir. Bu sınırlamayı aşmak için, kauçuk ve beton

arasındaki ara yüzey bağının iyileştirilmesi, yüksek performanslı ve sürdürülebilir yapı

malzemelerinin geliştirilmesi açısından gereklidir. Bu motivasyonla, tezin ilk bölümünde

kauçuk/kalsiyum silikat hidrat (CSH) ara yüzeyine ait atomistik modeller oluşturulmuştur

ve moleküler dinamik (MD) simülasyonları ile bu ara yüzeyin yapısal özellikleri radyal

dağılım fonksiyonu (RDF) ve ara yüzey yapışma enerjisi hesaplamaları yoluyla incelenmi-

ştir. Ardından, kauçuk ve çimento arasındaki bağlanmayı iyileştirmek amacıyla çeşitli

yüzey modifikasyon stratejileri değerlendirilmiştir. Bu kapsamda, beton ve kauçuk arasına

poliakarboksilat eter (PCE), karboksimetil selüloz (CMC) ve polivinil alkol (PVOH) gibi

farklı polimerler dahil edilmiştir. Bu çalışmalar sonucunda, kauçuk/beton/PCE kompozi-

tinin, kauçuk-beton kompozitine kıyasla ara yüzey yapışma enerjisinde %7,3’lük bir artış
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sağladığı gözlemlenmiştir. Ardından, CMC ve PVOH polimerlerinin bağlanma perfor-

mansları karşılaştırılmıştır. Bu karşılaştırma sonucunda, kauçuk/beton/CMC kompoziti,

kauçuk/beton/PVOH sistemine kıyasla %17,08 daha yüksek ara yüzey yapışma enerjisi

sergilemiştir.

Tezin ikinci bölümünde, doğal gaz ayrımında kullanılan kompozit malzemelerin

karbondioksit (CO2) ayırma performansları incelenmiştir. Zeolitik imidazolat çerçevesi-

8, ZIF-8 ve mikrogözenekliliğe sahip PIM-1 polimeri ara yüzeyine ait atomik modeller

oluşturulmuştur. Gaz ayırma davranışını değerlendirmek için, Grand Kanonik Monte

Carlo (GCMC) ve moleküler dinamik (MD) simülasyonlarından elde edilen adsorpsiyon

ve difüzyon verileri kullanılarak, klasik Maxwell ve modifiye edilmiş Felske gaz geçirgen-

lik modelleri uygulanmıştır. Hem saf PIM-1 polimerini hem de amin fonksiyonel gru-

plarla modifiye edilmiş PIM-1 (AF-PIM-1) polimerini, kristal ZIF-8 (cryZIF-8) ve basınç

altında sıkıştırılmış ZIF-8 (aZIF-8@0.4 GPa) ile birleştirerek farklı karışık yataklı mem-

branlar (MMM) hazırlanmıştır. Sonuçlarımız, aZIF-8@0.4 GPa içeren MMM’lerin, cryZ-

IF-8 içerenlere kıyasla PIM-1 ile birleşiminde ara yüzey yapışma enerjisinde %1,4 oranın-

da hafif bir artış gösterdiğini ortaya koymuştur. Ayrıca, modifiye edilmiş Felske modeli,

MMM gaz geçirgenliği için Maxwell modeline göre deneysel veriye daha yakın tahminler

sunmuştur.

ZIF’ler, polimerler ve beton gibi farklı malzeme sınıflarının analiz edilmesiyle, bu

tez, hedeflenmiş yüzey veya dolgu malzemesi modifikasyonlarının ara yüzey bağlanmasını

artırabileceğini göstermektedir. Elde edilen bulgular, hem inşaat sektöründe atık lastik-

lerin geri dönüşümüne hem de gaz ayrımı için yeni membranların geliştirilmesine katkı

sağlamaktadır.

Anahtar Kelimeler: Kompozit malzemeler, kalsiyum silikat hidrat (CSH), ara yüzey

yapışma enerjisi, moleküler dinamik simülasyonlar, ZIF-8 membran, PIM-1.
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guided me through my academic journey but also provided me with a new perspective on

life. Through her endless support and guidance, I had the opportunity to develop myself.I

am also sincerely grateful to my co-advisor, Dr. Aydın Özcan, whose insight and support
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TÜBİTAK-MAM campus.

ix



I deeply appreciate my beloved parents for their endless support and love. They

have been a constant source of strength and inspiration throughout my life. I would not

have been able to start this journey without their support. One of my deepest thanks goes

to my dear Ali for his unwavering care, love, support, and understanding. He has always

believed in me and reminded me never to give up on my dreams. I also feel lucky to have

met my wonderful office mates, Parivash, Selen and Büşra. We shared countless hours
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1. INTRODUCTION

Composite materials are made by combining two or more substances with differ-

ent physical or chemical properties [1]. This class of materials offer desirable properties

including toughness, stiffness, light weight and corrosion resistance [2]. These excep-

tional characteristics are one of the reasons for their rapid growth in the fields of me-

chanical engineering and materials science [3, 4]. As a result, composite materials have

become the preferred option in these fields and are quickly displacing traditional materials

[5].

Despite the advantages of composite materials, a significant limitation has con-

strained their widespread adoption in industry. The performance of composites is highly

sensitive to interfacial defects arising from incompatibility between their constituents.

This incompatibility can create voids at the interface and lead to stress concentrations [1].

As a result, the strength of the interfacial bond strongly affects the mechanical, thermal,

and electrical properties of the composite. Specifically, the interface governs mechanical

load transfer across the material, affects thermal degradation and interfacial heat conduc-

tion, and influences particle dispersion and thus the composite’s electrical conductivity

[6]. Consequently, the characteristics of each constituent and their interactions with each

other should be evaluated in detail before their selection for constructing composite mate-

rials. Both experimental and computational studies can guide the development of strate-

gies to improve interfacial adhesion and, as a result, composite performance [6]. Modern

composite engineering directly addresses interfacial bonding constraints in composites,

with ongoing research focused on developing novel interfacial modification techniques

[7]. In this thesis, we have focused on analyzing the interfacial compatibility in two criti-

cal application fields of composite materials: the construction and natural gas purification

industries.
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In construction industry, cementitious composites have emerged as transforma-

tive approaches, addressing the inherent limitations of conventional building materials.

While steel, concrete, and cement have historically dominated the industry, their me-

chanical and environmental shortcomings, particularly cement’s massive carbon footprint

(approximately 1 ton carbon dioxide (CO2) per ton produced) and concrete’s poor tensile

strength, have created an urgent need for advanced alternatives [8]. Calcium Silicate Hy-

drate (CSH) is the primary binding phase in concrete and the principal hydration product

of cement [9]. Its porous, gel-like microstructure increases overall porosity and reduces

the flexural and tensile strengths, and durability of concrete [10, 11].

In recent years, many efforts have aimed to overcome this intrinsic limitation of

concrete. Incorporation of modifiers into concrete, including polymers like Polyethylene

Glycol (PEG) [12] and Polyvinyl Alcohol (PVOH) [13], and carbon materials including

graphene [14] and carbon nanotubes [15], causes improvements in concrete performance

[16]. Notably, incorporating Waste Rubber (WR) in concrete has emerged as a practical,

eco-friendly approach [17]. Compared with conventional concrete, rubberized concrete

can exhibit excellent mechanical performance including high frost resistance, impact re-

sistance, fatigue resistance, wear resistance, and shock absorption [17]. However, because

rubber is hydrophobic and its elastic modulus differs from that of the hardened cement

paste, microcracks and voids can form around the rubber particles, thereby reducing the

mechanical strength of rubberized concrete [18]. To address this incompatibility, surface

modification steps must be applied on rubber to increase its hydrophilicity and enhance

the interfacial bond strength between rubber particles and concrete. In this regard, some

researchers have done modification methods on rubber, including surface treatment with

saturated NaOH [19], KMnO4 and NaHSO3 [20], acetic acid and calcium hydroxide [21],

and silane coupling agent [22] solutions. According to their result, surface modification

of rubber has strengthen the rubber/concrete interfacial bond.
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Developing effective modification strategies for rubber requires a detailed under-

standing of rubber/concrete interfacial behaviour. In this thesis we have used Molecular

Dynamics (MD) methods to understand the rubber/concrete interfacial zone from atom-

istic point of view. We started by constructing an atomistic model of concrete/rubber

composite. The cementitious matrix contains abundant Ca2+ ions [9]. From an atom-

istic point of view, these ions determine the interfacial behaviour of concrete. Therefore,

we can resolve the incompatibility between the two structures by introducing interfacial

polymers between concrete and rubber that contain functional groups capable of interact-

ing with these Ca2+ ions of concrete, such as carboxyl (O−C=O) and hydroxyl (C−O)

groups. The first interfacial polymer we introduced is Polycarboxylate Ether (PCE). This

polymer is commonly employed as a superplasticizer in concrete mixtures to reduce the

amount of water required for blending [23]. In addition, it contains carboxyl functional

groups, which are potential candidates for interacting with Ca2+ ions in the concrete ma-

trix. For the next step, we aimed to identify a biodegradable alternative to PVOH, a non-

biodegradable interfacial polymer that is commonly used in industry to bridge concrete

and rubber [17]. We analyzed the interfacial behavior of Carboxymethyl Cellulose (CMC)

[24], a biodegradable polymer and compared its compatibility performance with that of

PVOH within the matrix. According to the literature, silane coupling agents improve

the weak interface in rubber/concrete-based materials [25]. Therefore, to analyze their

interaction mechanism, we developed atomistic models of carbon chains functionalized

with SiO2 groups and compared their performance with carbon chains functionalized with

hydroxyl groups in acting as a bridge between concrete and rubber.

The applicability of composite materials extends beyond the construction industry

to advanced gas separation technologies. In this domain, polymeric membranes are the

primary technology used for gas separation [26, 27]. For example, commercial cellulose
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acetate-based membranes are preferred for natural gas purification, offering CO2/CH4 se-

lectivity of 10-20.3. Polymers of Intrinsic Microporosity (PIMs) are an important class

of membranes for CO2 separation, combining high permeability with moderate selectivity

(9.08–31.6) through their microporous structures [28, 29]. Despite their advantages, poly-

meric membranes have a permeability-selectivity trade-off as empirically demonstrated

by Robeson’s upper bounds [30, 28]. In addition, physical aging and the limited stability

of polymeric membranes in harsh environment conditions are critical issues that need to

be addressed [31].

To address the limitations of polymeric membranes, nanoporous fillers are incor-

porated into the polymer matrix [32]. Metal Organic Frameworks (MOFs) are attractive

candidates because they offer very high surface area and tunable pore structures. Among

MOFs, Zeolitic Imidazolate Frameworks (ZIFs) constitute an important subclass [33, 34].

Their integration into polymer matrices creates Mixed Matrix Membranes (MMMs) that

overcome the permeability-selectivity trade-off of polymeric membranes while preserv-

ing their processability. However, interfacial voids at the ZIF/polymer interface can affect

the gas permeability of MMMs. One important issue in ZIF/polymer composites is poly-

mer rigidification in the interfacial region, where the polymer is in contact with the ZIF

structure. As a result, the gas permeability of the polymer near the interface is lower than

that of the bulk polymer [35]. Interfacial compatibility is essential for producing homoge-

neous MMMs and minimizing permeability losses. Therefore, careful material selection

is required to ensure the components are compatible with each other.

The second part of this thesis, focuses on constructing ZIF-8/PIM-1 MMMs. After

constructing the model, we used MD simulations to systematically analyze the compati-

bility between constituent structures inside the composite. Specifically, we analyzed how

the interfacial compatibility influences the gas permeability performance of the MMMs.
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We began by modeling ZIF-8 as the filler phase and PIM-1 as the polymer matrix. To un-

derstand how interfacial compatibility between MMM layers influences overall gas per-

meability, we calculated the MMM permeability using two continuum models: Maxwell

[36] and modified Felske [37] models. Unlike the Maxwell model, the modified Felske

model accounts for the interfacial zone thickness in its calculations. Therefore, by com-

paring the gas permeability results from these two models with literature data, we aimed

to understand the effect of the interfacial compatibility on the gas permeability of MMMs.

1.1 Thesis Overview

This study investigates two representative composite systems: cementitious com-

posites used in the construction industry and ZIF-8-based composites for natural gas pu-

rification. Using equilibrium MD simulations, in both composite systems, we attempted

to reveal the atomistic interactions in the interfacial zone and to understand how these

interactions affect the overall compatibility of composites.

Chapter 2 of this thesis provided a literature review on cementitious composites

and ZIF-8-based composites, separately. We focused on identifying key studies and meth-

ods that researchers had used to investigate these materials. In Chapter 3 we have de-

scribed the computational methodology used in this study. We began by outlining the sim-

ulation tools and MD algorithms applied in our simulations. Then, we explained how we

developed atomistic models for cementitious composites. We first modeled the CSH/rub-

ber system, followed by various interface polymers, including PCE, PVOH, CMC, and

functionalized carbon chains, which were inserted between CSH and rubber to reduce

interfacial incompatibility. In the second part of Chapter 3, we described the modeling

of ZIF-8-based composites. We created atomistic models of both crystalline and pres-

surized ZIF-8 frameworks. These structures were then embedded in either pure PIM-1

or amine-functionalized PIM-1 (AF-PIM-1) to form the final MMM systems. Chapter 4
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presented the results of the MD simulations for both cementitious composites and ZIF-

8-based MMMs. In both cases, we analyzed the interfacial interactions at the atomistic

level and evaluated their effect on the overall performance of the composites. Finally, in

Chapter 5, we evaluated the results of MD simulations and suggested possible ways to

improve our approach to studying interfacial interactions in composite materials.
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2. LITERATURE REVIEW

2.1 Experimental and Computational Studies on Cementitious Com-
posites

Concrete is the material most used during the modern urbanization of human be-

ings, which has profoundly affected the development and improvement of humanity in

several eras. Meanwhile, it is the most widely used construction material for sidewalks,

buildings, foundations, highways, roads, overpasses, parking garages, bricks, block walls,

and foundations for gates, fences, and poles. Its range of applications exceeds that of all

other building materials [38]. However, there are still some unresolved problems that

require further investigation [39, 40, 41]. First, concrete has intrinsic defects: (1) its ten-

sile and flexural strength is significantly lower than its compressive strength. As a result,

the tensile and flexural strength of concrete is only about 10% and 15% of its compres-

sive strength, respectively [42]. (2) The hydration process of concrete inevitably leads to

chemical shrinkage [43]. Furthermore, concrete can exhibit autogenous shrinkage, dry-

ing shrinkage, and creep under certain conditions. Secondly, the production of Portland

cement, the main concrete component, is very energy intensive. For every ton of Portland

cement produced, around 0.85 tons of CO2 are emitted [44]. Therefore, the growing de-

mand for concrete poses a significant threat to the natural environment. Third, concrete

is susceptible to attack by aggressive ions present in the environment [45, 46]. In ma-

rine or brine environments, aggressive ion attack can lead to expansion, cracking, or even

loss of the cohesive strength of concrete [47]. The early failure of concrete structures

increases the need for their repair or replacement, further increasing their environmental

harm. Therefore, various approaches have been taken in the concrete production process

to introduce new method to reduce its environmental footprint [48, 49]. For example,

rebar or steel fibers can be incorporated into concrete to increase its tensile and flexural

strength. Expansion agents are used to compensate for shrinkage, mineral admixtures or
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polymers are incorporated to improve durability, and Portland cement can be completely

replaced with Supplementary Cementitious Materials (SCMs) to promote sustainability

in the construction industry. As a result, traditional “Portland cement concrete” is now

more commonly referred to as “cementitious materials”. However, these measures only

improve the specific properties or aspects of cementitious materials. Research and mod-

ification efforts are moving towards the nano scale approaches with the growing under-

standing of their specific behavior [9].

Nanotechnology is a field that considers materials at the atomic scale and has ef-

fects and applications at the real-world level. The unique physical and chemical properties

of nanomaterials can be used in ways that benefit the global community [50]. Since nan-

otechnology was first introduced by Nobel laureate Richard P. Feynman in his well-known

1959 lecture “There is Plenty of Room at the Bottom”, significant advances in physics,

chemistry, and biology have shown the feasibility of his vision: Manipulating matter at the

nanoscale, down to molecules and atoms [9, 51, 52]. Similarly, studying and modifying

cement-based materials at the nanoscale is essential to improve their performance.

Cement paste is a porous material consisting of different phases. When cement

powder is mixed with water, a chemical reaction called hydration takes place. This reac-

tion produces several important compounds found in concrete: CSH, Calcium Hydrox-

ide (CH), ettringite and monosulfoaluminates. CSH makes up about 50–70% of the final

product and is the main factor in the strength of cement-based materials [9, 53, 54]. For

this reason, studying and improving the structure of CSH gel is very important to make

cement materials stronger. However, as shown in Figure 2.1, due to the hierarchical na-

ture of concrete, its structure spans multiple length scales. At the nanoscale (< 10−9m),

CSH adopts a basic framework in which Ca, Si, and OH− groups are distributed. Due to

the complex composition, structure and physical behavior of CSH gel, its basic building

blocks are still not fully understood [9, 55].
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Figure 2.1: Hierarchical structure of concrete. Reprinted from [9] with permission of
Springer Nature.

Because the CSH gel functions as the “DNA” of concrete, a detailed understanding

of its structure is crucial. For example, the mechanical properties of CSH gel are funda-

mental because the behavior at the nano- and microscale provides the structure cohesion

that supports the material’s performance at the macroscale [9].

The other critical aspect related to cementitious composites is their sustainability

and use of the waste aggregates emerge as a critical approach. The management of waste

tires is a significant ecological challenge due to the non-biodegradable nature and exces-

sive environmental residence time of WR [56, 57, 58, 59, 60]. According to the 2018

World Bank report What a Waste 2.0: A Global Snapshot of Solid Waste Management to

2050 [61], global waste generation is expected to increase significantly [62]. By 2050, the

total volume of waste is expected to increase by 70%, from 2.01 billion tons in 2016 to 3.4

billion tons. With growing concerns over solid waste, recycling end-of-life tires remains

a significant challenge for researchers and environmental organizations [62]. Another
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study reports that global natural rubber production has increased by 4.1% over time and

by 13.6% annually to 941,000 tons, while annual consumption has increased only slightly

by 0.3% to 1.21 million tons [63, 64]. This imbalance between production and consump-

tion rates reflects a key environmental issue related to waste tires. It underlines the urgent

need for practical solutions to manage residual scrap rubber and avoid potential ecologi-

cal risks. Therefore, reusing waste tires and developing effective methods to reduce their

environmental impact remains a significant ecological challenge today.

Conventional methods for managing end-of-life tires, such as landfilling, retread-

ing, and incineration [65] are inadequate for solving environmental problems and also

cause additional environmental damage. Landfilling, for example, takes up large land

areas and releases pollutants in ecologically sensitive regions [58]. When used tires are

incinerated in an open environment, toxic gasses and volatile compounds are released,

including arsenic, mercury, hydrocarbons, organic substances, cadmium, and chromium.

These emissions pose a serious fire hazard and a human health risk [66, 67]. Although

reusing tires appears cost-efficient in the short term, it delays the disposal problems. Ulti-

mately, tires end their life and accumulate in the environment [60]. One of the most effec-

tive modern approaches to reduce the impact of waste rubber is to recycle it into crumb

rubber. This crumb rubber is used as reinforcement in commonly used construction ma-

terials such as concrete [68, 69, 70, 71, 72]. Thus, recycling WR into crumb rubber as

concrete reinforcements not only offers a sustainable solution to waste tire management

but also contributes to the realization of greener building materials. In recent years, there

has been a growing interest in the use of rubber in concrete, leading to the development

of what is now known as Rubberized Concrete (RC). Since the 1990s, the method of re-

placing aggregate in concrete with WR has become increasingly popular [73, 74, 75, 76].

This approach not only recycles WR, thereby safeguarding the environment, but it also

enhances several properties of concrete, such as toughness [77], dumping capacity [78]
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and freeze-thaw resistance [75], among others [76]. Despite the benefits of rubber con-

crete, integrating rubber into the cement matrix poses significant challenges, primarily

due to the interfacial properties of rubber. The poor bonding of rubber particles with ce-

ment paste significantly affects the mechanical properties and durability of the composite.

To address this issue, improving the bonding performance of rubber particles has proven

beneficial. This improvement leads to better mechanical properties. It also increases the

durability of the rubber-concrete composite [79]. Therefore, although RC has many bene-

fits, further improvements in bonding are essential for its success as a sustainable building

material.

To overcome the challenges associated with RC, researchers have implemented

various experimental and computational studies. For example, Li et al. [80] conducted a

study using a two-stage surface modification process on rubber. They applied a silane cou-

pling agent and carboxylated styrene–butadiene rubber latex to develop chemical bonds

between rubber and cement paste. As a result, the concrete containing treated rubber

showed a significant increase in both compressive and flexural strength compared to con-

crete containing untreated rubber. Chou et al. [70] investigated the effects of partial oxida-

tion on RC to address compatibility issues between rubber and concrete. They discovered

that partial oxidation leads to the formation of hydrophilic functional groups (S=O and

S-O) on the surface of crumb rubber. This enhances cement hydration and significantly

improves the mechanical properties of the rubberized mortar. Rivas et al. [81] inves-

tigated the surface treatment of recycled rubber using three different solvents: ethanol,

acetone, and methanol. They evaluated the compressive strength, performed slump tests,

and conducted Fourier Transform Infrared Spectroscopy on the concrete samples. Their

findings indicated that the rubber treated with solution of acetone demonstrated the most

significant potential to enhance the mechanical strength of the RC. Zhang et al. [82] ap-

plied a pretreatment to rubber particles using acrylic acid and PEG. Their experimental
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analysis showed that this treatment led to a significant increase in the contact angle be-

tween the rubber particle surface and water. Additionally, they observed an increase in

both the compressive and flexural strengths of the modified rubber concrete.

Meanwhile, only limited number of computational research has thoroughly in-

vestigated the compatibility challenges of using rubber in cementitious matrices. To im-

prove the compatibility between rubber particles and cement, Young et al. [63] integrated

PVOH fibers and a silane coupling agent, KH570, thereby enhancing both compatibility

and structural integrity. This combination significantly improved the bonding at the inter-

face, leading to a denser, more cohesive material. MD simulations further demonstrated

that KH570 induced a structural transition at the rubber interface, promoting better inter-

action with cement components. In another study, Yong et al. [83] focused on Expanded

Polystyrene (EPS)-concrete, using Ethylene Vinyl Acetate (EVA) as an interface modifier.

Their research included a comparative analysis of interaction energy, Radial Distribution

Function (RDF), and the mechanical properties of the EPS-concrete structure, both before

and after the application of EVA. Notably, the addition of EVA improved the rigidity and

bonding quality of the EPS-concrete structure. Lijuan et al. [84] performed an MD simu-

lation, to explore the interactions between epoxy resin and rubber at along a cementitious

interface. Their findings indicated that adding epoxy resin not only improved the inter-

action energy at the interface but also increased the number of hydrogen bonds. Further

analysis of mechanical properties showed that the elastic modulus at the interface was en-

hanced, significantly improving the interface properties with the inclusion of epoxy resin.

Overall, previous studies have developed effective techniques to improve both the me-

chanical and environmental properties of RC, setting the stage for further advancements

in sustainable building practices. The first part of thesis presents atomistic simulations

to evaluate how several candidate polymers can improve the interfacial adhesion between

rubber and CSH.
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2.2 Experimental and Computational Studies on Polymer/ZIF-8 Co-
mposites

Carbon Capture Storage and Utilization (CCSU) technologies play a crucial role

in addressing climate change and fulfilling objectives related to carbon neutrality [85,

86, 87]. Among various greenhouse gases CO2 is pivotal in driving environmental chal-

lenges [88, 89]. CO2 accounts for approximately 76% of total greenhouse gas emissions,

followed by methane (CH4) at 16% and nitrogen oxides (NOX) at 6%. Due to this distri-

bution, greenhouse gas emissions are commonly expressed in terms of CO2 equivalents

[90]. Over the past century, atmospheric CO2 concentrations have nearly doubled, primar-

ily due to escalating fossil fuel usage and increasing energy demands [88]. The remaining

carbon budget required to limit global warming to 1.5°C decreased by 10% to 66.7% dur-

ing 2023, indicating that allowable emissions may be exhausted within approximately 0.5

to 6 years (with a 67% probability) [91]. The unregulated release of CO2 into the atmo-

sphere has had severe and lasting impacts on the environment. These impacts include en-

vironmental, ecological, physical, and economic domains and public health. They include

intensified weather patterns such as heatwaves, rising sea levels, which lead to irregular

floods and droughts, ultimately disrupting agricultural cycles [92, 93]. About 30% of

global CO2 emissions come from industrial activities: 24.2% from the energy consumed

by the industrial sector and 5.2% from direct process emissions, mainly in chemical and

cement production [94, 95].

Four primary approaches are commonly considered to capture CO2 emissions ac-

cording to their relative sources: pre-combustion capture, post-combustion capture, chem-

ical looping combustion, and oxy-combustion. Among these, oxy-combustion and pre-

combustion capture are incompatible with existing power plants and are, therefore, more

applicable to newly built facilities [96, 97]. Post-combustion technologies involve cap-

turing CO2 from the flue gas emitted by power plants that burn fossil fuels [96, 98]. This
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approach is preferred, as it can be upgraded to existing power plants that use air for fuel

combustion. Several post-combustion CO2 capture technologies are available, including

membrane separation, absorption, adsorption, and cryogenic separation [96, 99]. Absorp-

tion is currently the most widely employed and effective method for removing CO2 from

synthesis and natural gas streams [96, 97]. However, these technologies are associated

with significant drawbacks, primarily high costs and substantial energy consumption. Ad-

sorption methods also face challenges, particularly due to costly regeneration processes.

In cryogenic separation, acidic gases are frozen to isolate CO2 in liquid form; however,

the major limitation of this technique is the high power demand required to operate the

refrigeration unit. Membrane separation, on the other hand, is an emerging and rapidly

advancing technology for CO2 capture. It offers several advantages over traditional meth-

ods, including operational simplicity, flexibility, adaptability, environmental compatibil-

ity, low energy requirements, continuous operation, reduced maintenance costs, and a

smaller physical footprint [96, 100].

Over the past decades, a wide range of membrane materials have been employed

for CO2 capture, including metal oxides, basic salts, layered double hydroxides, ionic

liquids, and porous materials such as activated carbon, carbon fibers, zeolites, and MOFs

[33]. Compared to other materials, MOFs are considered among the most promising

membrane candidates due to their exceptionally large surface area. However, moving

from laboratory-scale innovations to industrial-scale applications involves considerable

obstacles [101, 102]. Few suitable MOFs for real-world applications have been success-

fully produced on a large scale. There is an urgent need to develop strategies that ac-

celerate the transition from lab-scale materials to industrial-scale products. A thorough

understanding and analysis of existing barriers is required to achieve this transition. For

example, most MOF synthesis methods are only feasible under laboratory conditions due

to accurate reaction requirements such as high temperatures, long reaction times, humidity
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control, and hazardous chemicals [101]. Another challenge is the stability of MOFs under

practical conditions; most MOFs featuring metal-carboxylate linkages exhibit instability

in water or humid environments [103, 104]. In addition, post-synthesis processes such as

drying and shaping MOF materials can result in structural degradation or alterations in

their porous frameworks.

ZIFs are exceptional porous materials and an essential subclass of MOFs with

well-defined pore networks, high stability, and outstanding gas-separation performance

[32]. For example, the gas selectivity of ZIF-8 for H2/CO2 and H2/CH4 separations ranges

from 4.3–69.1 and 3.96–39.1, respectively, depending on the fabrication route and testing

conditions [105].

Amorphous ZIF membranes constitute a new class of materials that integrate the

structural and functional attributes of crystalline ZIFs with the intrinsic advantages of

glassy materials [31]. In recent years, research attention has increasingly focused on the

synthesis of glassy (amorphous) ZIFs through the pressing and melt-quenching of crys-

talline ZIFs [106, 107]. During the melting process, the ZIF glass loses its long-range or-

dered structure but retains short-range units, eliminating grain boundaries. Consequently,

glassy ZIF membranes offer easier preparation and processing advantages compared to

other ZIF membranes [106]. When the melting temperature of a ZIF reaches its upper

limit, its framework remains thermally stable without decomposition, enabling the forma-

tion of a ZIF glass through subsequent melting and quenching. Thus, melting tempera-

ture (Tm) of ZIFs must be lower than their decomposition temperature (Td) [106, 108].

Specifically, ZIF glasses exhibit unique transport properties, such as selective permeabil-

ity, which makes them particularly attractive for gas separation applications [109]. For

example, Mahdavi et al. [110] fabricated a self-supporting glassy ZIF-62 membrane

and systematically evaluated its gas separation performance. The optimized membrane

achieved selectivities of 223.5 (H2/CH4), 64.1 (CO2/CH4) and 3.49 (H2/CO2), alongside
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high permeabilities of 509 Barrer for H2, 146 Barrer for CO2 and 2.28 Barrer for CH4.

These values surpass those of conventional crystalline ZIF-62 membranes and place the

material on the 2015 Robeson upper bound [111]. In another study, Ma et al. [112] ex-

amined the amorphization of ZIF-8 by applying a mechanical pressure of 0.75 GPa. They

reported ideal selectivities of 14.79 for (H2/CH4) and 16.23 for (CO2/CH4). Although

glassy ZIF membranes offer significant advantages for gas separation process, they can

retain only a portion of their inherent porosity. This porosity can be optimized through

layering with other materials such as porous polymers to develop MMMs [106].

Amorphous ZIF-based MMMs integrate the beneficial attributes of ZIFs with

polymer matrices, producing hybrid membranes with enhanced gas separation perfor-

mance [31, 113, 114]. These composites exhibit improved properties compared to pure

amorphous ZIFs and pure polymeric membranes [115]. For example, Feng et al. [116]

created an amorphous ZIF-62/PIM-1 membrane by giving ZIF-62/PIM-1 precursor films

an optimized in-situ thermal treatment. The resultant amorphous ZIF-62/PIM-30% mem-

brane had a CO2/CH4 selectivity of 67 and a CO2 permeability of 5914 Barrer, surpassing

the 2019 Robeson upper bond [28]. Zhang et al. [117] proposed a novel strategy for

fabricating ZIF-based MMMs by dispersing a ZIF-8 gel within a PIM-1 polymer matrix.

The resultant membranes exceeded the 2008 upper bound [30] with a 78.9% increase in

H2 permeability (beyond 6800 Barrer) and a 38.0% increase in H2/CH4 selectivity at a

ZIF-8 gel loading of 31.0 wt%. Kertik et al. [118] investigated polyimide-based MMMs

incorporating amorphous ZIF-8. The membrane with 30 wt.% amorphized ZIF-8 showed

a CO2 permeability of 47.9±0.48 Barrer under 10 bar, 35°C, and a 50/50 CO2/CH4 gas

mixture. In comparison, an MMM with 30 wt.% crystalline ZIF-8 achieved only 4.5±0.6

Barrer under the same conditions.

In the second part of this thesis, we used MD simulations to study the interfacial

interactions in ZIF-8/PIM-1-based MMMs.
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3. COMPUTATIONAL METHODOLOGY

3.1 Simulation Tools

The main computational environment used in this study was the Large-scale Atom-

ic/Molecular Massively Parallel Simulator (LAMMPS) [119] package. The msi2lmp

[120] package was used to parameterize the structures with associated force fields. In

addition, the initial atomic configurations were constructed using Materials Studio (MS)

[121] and Crystal Maker (CM) [122] software. Post-processing analysis, including RDF

and density analysis, and adhesion energy calculation, were performed in Python [123].

Visual Molecular Dynamics (VMD) [124], OVITO [125], and CM software were used for

visualization.

3.2 Details of Molecular Dynamics (MD) Simulations

The MD simulations were performed using the LAMMPS [119] package. For

each system, the initial cartesian coordinates were supplied in a structure file, like PDB,

CIF, or the LAMMPS data format, chosen according to the specific simulation workflow.

The MD simulation begins by importing the initial cartesian coordinates (x,y,z) of atoms

and assigning random initial velocities to each of them. LAMMPS then uses the user-

specified seed number supplied in the corresponding command to initialize its internal

pseudorandom-number generator. The seed number controls the generation of Gaussian

random numbers used to assign particle velocities from the Maxwell–Boltzmann distri-

bution (Eq. (3.1)) [126] at the target temperature. This ensures both correct sampling of

the canonical ensemble and exact reproducibility of every trajectory.

f(v) =

(
m

2πkBT

)3
2

4πv2 exp
(
− mv2

2kBT

)
(3.1)

For the Maxwell–Boltzmann speed distribution, the characteristic scale parameter

a,which sets the width of the distribution, is defined as the square root of the ratio between
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the thermal energy per degree of freedom and the particle mass [127]:

a =

√
kB T

m
(3.2)

where the (kB) is Boltzmann constant, T is the absolute temperature, and m is the mass

of an individual particle.

Computer simulations in condensed physics are mainly based on analyzing the

characteristics and dynamics of materials from an atomistic point of view [128, 129, 130,

131]. This method is theoretically grounded in statistical thermodynamics. Classical MD

is the most straightforward approach conceptually [132, 133, 134]. Through MD sim-

ulation, we simply solve the Newton’s equation of motion among interacting particles.

By iterating these calculations at each time step, we obtain a time-resolved trajectory that

captures the complete dynamical evolution of the system. Finally, the time averages of the

desired observations are calculated along this trajectory [131]. Newton’s equation of mo-

tion conserves the total energy (E), and the other thermodynamic variables, such as tem-

perature (T) and pressure (P), can only be inferred indirectly and have fluctuations over

the simulation time [131]. In this thesis, we mainly conducted the MD simulations under

two ensembles, canonical ensemble (NVT) and isothermal–isobaric ensemble (NPT). In

the NVT ensemble, simulations are carried out at fixed particle number (N), volume (V),

and T, so the P is free to fluctuate. By contrast, the NPT ensemble constrains N, P, and T,

allowing the system volume to adjust dynamically to sustain the prescribed pressure.

Over the years, several alternative algorithms have been implemented in MD, most

notably the widely recognized velocity-Verlet [135] integrator [136, 137, 138, 139]. Be-

cause of its remarkable stability and ease of use, this second-order integrator is frequently

used in MD simulations [139]. Using the Verlet integration algorithm, we model a sys-

tem of N particles whose cartesian positions are gathered as X⃗ = {r⃗i}, i = 1,2,...,N, in a

d-dimensional space. Newton’s second law is numerically integrated for every particle in
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MD simulations [128].

mi
¨⃗ri = − ∂Upot

∂r⃗i
= f⃗i (3.3)

where mi is the mass of particle i and f⃗i is the force acting on it, assumed to arise

exclusively from interactions with the other particles in the system. Hence the potential

energy Upot(X⃗) = Upot(r⃗1, . . . , r⃗N) is expressed as follows:

Upot =
N−1∑
i=1

N∑
j>i

U(r⃗ij), r⃗ij = r⃗i − r⃗j (3.4)

and the force acting on particles:

f⃗i = −
∑
j ̸=i

∂U(rij)

∂r⃗i
=
∑
j ̸=i

f⃗ij (3.5)

The total energy:

E = Ekin + Upot =
N∑
i=1

1

2
mi

˙⃗r 2
i + Upot (3.6)

Since the total energy does not change with time we have:

dE

dt
=

N∑
i=1

mi
˙⃗ri ¨⃗ri −

N∑
i=1

˙⃗ri · f⃗i = 0 (3.7)

As it can be seen from the Eq. (3.7) the Newton’s equations of motions are inte-

grated numerically in MD [128]. To drive the Verlet algorithm [136], we expand r⃗i(t)

forward and backward in time:

r⃗i(t+ δt) = r⃗i(t) + δt v⃗i(t) +
1

2mi

(δt)2f⃗i(t) +
1

6
(δt)3⃗bi(t) (3.8)

r⃗i(t− δt) = r⃗i(t)− δt v⃗i(t) +
1

2mi

(δt)2f⃗i(t)−
1

6
(δt)3⃗bi(t) (3.9)

Here, vi(t) denotes the velocity of particle i at time t, and bi(t) is the correspond-

ing vector that appears in the third–order term of the Taylor expansion. When the two

expansions are added, the odd–order terms cancel out [128]. So we have:

r⃗i(t+ δt) = 2 r⃗i(t) − r⃗i(t− δt) +
1

mi

(δt)2f⃗i(t) (3.10)
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Subtracting the two expansions yields the velocity:

v⃗i(t) =
1

2 δt

[
r⃗i(t+ δt)− r⃗i(t− δt)

]
(3.11)

The Verlet algorithm [128, 134, 136, 140, 141] is explicitly time–reversible: inter-

changing r⃗i(t + δt) and r⃗i(t − δt) produces the propagator for backward time evolution

and changes the sign of the velocities [128].

A characteristic of the standard Verlet scheme is that the velocity update lags by

one time step: the velocities at time t can only be evaluated once the positions at t+δt are

known (Eq. (3.11)). In the velocity Verlet algorithm [142], position and velocity updates

are performed synchronously, [128] as follows:

r⃗i(t+ δt) = r⃗i(t) + δt v⃗i(t) +
1

2mi

(δt)2f⃗i(t) (3.12)

To sum up, MD simulations update atomic positions and velocities at each timestep using

numerical integration schemes, most commonly variants of the Verlet family; in this work,

we employ the velocity-Verlet integrator.

The Hamiltonian (H) of a system containing N molecules can be written as the

sum of a kinetic energy (K) term and a potential energy (U) term, each expressed in terms

of the generalized coordinates qi and momenta pi of molecule i [128]. Using compact

notation, it takes the form:

H(p,q) = K(p) + U(q) =
N∑
i=1

p2
i

2mi

+ U
(
q1, . . . ,qN

)
(3.13)

whereK(p) denotes the total kinetic energy and U(q) represents the potential energy that

captures all intermolecular interactions. The Hamiltonian of a system is usually equal

the total internal energy E of the system [128]. The kinetic-energy contribution can be

expressed explicitly in terms of the conjugate momenta as follows:

K =
N∑
i=1

∑
α

p2iα
2mi

(3.14)
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where mi is the mass of molecule i, and the index α runs over the Cartesian components

(x, y, z) of the momentum piα of atom i. In classical molecular simulations, the total

potential energy U is decomposed into intramolecular (bonded) contributions, namely

bond-stretching, angle-bending, dihedral torsions, and improper torsions, and intermolec-

ular (non-bonded) contributions, represented by the Lennard–Jones (LJ) and Coulombic

potentials [128]:

U = Ubond + Uangle + Udihedral + Uimproper + ULJ + UCoulomb (3.15)

In this thesis we used the 12–6 LJ potential to model van der Waals (disper-

sion–repulsion) interactions:

ULJ(r) = 4 ε

[(σ
r

)12
−
(σ
r

)6]
(3.16)

ε (epsilon) is the depth of the potential well, σ (sigma) is the zero-crossing distance, and

r denotes the scalar distance between the centers of two interacting particles i and j.

Since our MD simulations include electrostatic charges, we explicitly accounted

for long-range interactions. A force is considered long-range when its spatial decay is

slower than r−d, where d is the dimensionality of the system. Two classic examples are

the ion–ion charge–charge interaction, vqq(r) ∝ r−1, and the molecular dipole–dipole

interaction, vµµ(r) ∝ r−3 [128]. In order to calculate the long-range interactions we used

Ewald summation method. The Coulomb potential between two particles with charges q1

and q2 separated by a distance r is:

UCoulombic(r) =
q1q2
4πε0 r

(3.17)

In MD simulations with periodic boundary conditions, this potential is effectively defined

for all r ≥ 0. Under such conditions the electrostatic sum does not converge, so one

might be tempted to truncate the potential at a finite cutoff distance. For charged systems,

however, an arbitrary cutoff introduces significant numerical errors. A standard solution
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is the Ewald summation method. By introducing a convergence function and applying a

Fourier transform, Ewald’s approach splits the slowly, or conditionally, convergent lattice

sum into rapidly converging parts. This lets us calculate the electrostatic forces very

accurately and avoids the errors that simple cut-off methods cause [143].

vqq =
1

2

′∑
m∈Z3

(
N∑
i=1

N∑
j=1

qiqj

∣∣∣rij +mL
∣∣∣−1
)

(3.18)

Here qi and qj are charges of particles i and j, respectively. The vector m = (mx,my,mz)

runs over all integer triplets, Z3. For a cubic simulation box, mL locates the center of each

periodic image. The prime on the outer sum indicates that the term with i = j is excluded

when m = 0.

For understanding the energy calculation process through MD, we have to first

analyze the Hamiltonian and the partition function of system for two different ensembles

we used in our simulations, the NVT and NPT ensembles. Since the total energy can

always be written as the sum of kinetic (dependent on p) and potential (dependent on

q) contributions, the partition function factorizes into the product of a kinetic part and a

potential part [128]. In the NVT ensemble, the partition function factorizes into ideal and

excess contributions:

QNV T =
1

N !h3N

∫
dp e−K(p)/(kBT )

∫
dq e−U(q)/(kBT ) = Qid

NV T Qex
NV T (3.19)

where

Qid
NV T =

1

N !h3N

∫
dp e−K(p)/(kBT ), Qex

NV T =
1

N !h3N

∫
dq e−U(q)/(kBT ).

For a monoatomic ideal gas (setting U = 0) the ideal part reduces to:

Qid
NV T =

V N

N ! Λ3N
, Λ =

√
h2

2πmkBT
(3.20)

including (Λ), the thermal de Broglie wavelength and Planck’s constant (h) [128].
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The excess partition function can be expressed in terms of the configurational

integral:

Qex
NV T = V −N

∫
dr e−V(r)/(kBT ) = V −N ZNV T (3.21)

ZNV T =

∫
dr e−V(r)/(kBT ) (3.22)

where ZNV T is the standard configurational integral of the potential energy [128].

In the isothermal–isobaric ensemble the partition function is

QNPT =
1

N !h3N V0

∫ ∞

0

dV

∫
dr dp exp

[
−H(r,p) + P V

kBT

]
(3.23)

The Gibbs free energy follows as

G = − kBT lnQNPT (3.24)

Separating momentum and configuration integrals defines the configurational integral

ZNPT =

∫ ∞

0

dV e−PV/(kBT )

∫
dr e−V(r)/(kBT ) (3.25)

Table 3.1 lists all the equations used in LAMMPS to compute physical properties

during MD simulations [119].

23



Table 3.1: Key thermodynamic quantities in MD simulations.

Parameter Equation Description

Temperature (K) T =
2Ekin

NDOFkB

Ekin =

N∑
i=1

1
2miv

2
i

NDOF = dN − d−Nfix DOF

From the equipartition theorem. Ekin is the

total kinetic energy; NDOF the active degrees

of freedom (dN minus overall translation and

constraints); kB is Boltzmann’s constant.

Kinetic energy Ekin =

N∑
i=1

1
2miv

2
i Sum of per-atom kinetic energies (mi, vi are

the mass and velocity of atom i).

Potential energy Epot =
∑

all interactions

U Bonded and non-bonded potential energy as

defined by the chosen force field.

Total energy Etot = Ekin + Epot Instantaneous total energy.

Pressure (atm) P =
NkBT

V
+

1

dV

N∑
i=1

ri ·fi Virial expression: ideal-gas term

NkBT/V plus configurational (virial)

term (dV )−1
∑

i ri·fi, where ri and fi are the

position and force on atom i.

3.3 Permeation Models for Gas separation in Polymer/ZIF-8 Com-
posites

In gas permeation through MMMs, three primary phases must be considered: the

dispersed filler phase, the continuous polymer matrix, and the interfacial region between

them [144, 145, 146]. Many models that expand on this idea have been created so far

[147, 148, 149, 150]. In this thesis, we employ both the Maxwell (Eq. (3.26)) [36] and the

Modified Felske (Eq. (3.27)) [37] models to examine how the interfacial region between

PIM-1 and ZIF-8 influences gas permeation of the MMM. The models are as follows:

Pr =
P

Pm

=
2 (1− ϕ) + (1 + 2ϕ)λdm
(2 + ϕ) + (1− ϕ)λdm

(3.26)

where (Pr) is the relative permeability of the species, (P ) is the effective permeability in
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the MMM, (Pm) is the permeability in the continuous polymer matrix (PIM-1), (ϕ) is the

volume fraction of the filler particles, and λdm = Pd/Pm is the permeability ratio, with

(Pd) denoting the permeability in the dispersed filler phase.

Pr =
P

Pm

=
1 + 2

(
β−γ
β+2γ

)
ϕ

1 −
(

β−γ
β+2γ

)
ϕψ

(3.27)

β = (2 + δ3)λdm − 2 (1− δ3)λlm (3.28)

γ = 1 + 2 δ3 − (1− δ3)λdl (3.29)

ψ = 1 +

(
1− ϕm

ϕ2
m

)
ϕ (3.30)

where δ is the ratio of the outer-interface radius to the core radius of ZIF-8, ϕ is the vol-

ume fraction of the ZIF-8 particles (i.e. the total volume fraction of the dispersed phase,

comprising core filler particles plus their interfacial layers), PI is the permeability in the

interfacial zone, Pd is the permeability in the core filler particles, and Pm is the per-

meability in the continuous polymer matrix. The corresponding permeability ratios are

λdm = Pd/Pm, λIm = PI/Pm, and λdI = Pd/PI . Here, β and γ are defined by Eq. (3.28)

and Eq. (3.29), respectively, and ψ is given by Eq. (3.30) as a function of ϕm (the maxi-

mum packing fraction of the ZIF-8 particles). According to these equations, the Maxwell

model treats the MMM as an ideal mixture, neglecting the influence of interfacial voids

on gas permeability. In contrast, the modified Felske model explicitly accounts for these

voids. We applied both models to quantify the void effect numerically.

3.4 Cementitious Composites

In cementitious composite systems the simulations started with constructing sand-

wich-like structures made of rubber and CSH. Rubber Hydrocarbon (RH) makes up 45.2%

of the rubber particles and consists of repeating cis-1,4-isoprene units [17]. Therefore, we
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built an RH model to represent the rubber system in this study. The computational work-

flow of the first part of the thesis is shown in Figure 3.1.

Figure 3.1: Computational workflow of cementitious composite systems.

Several polymeric interfacial agents are introduced to effectively bridge the gap

between the hydrophilic surface of CSH and the hydrophobic surface of RH. These in-

terfacial polymers were, PCE, CMC, and PVOH. We also constructed separate atomistic

carbon-chain models and systematically functionalized them with hydroxyl (–OH) and

silica (SiO2) groups to evaluate how each group acts as a bridge between CSH and RH.

Since CSH is the main gelling component formed during cement hydration, its

atomic structure was employed in this study to represent concrete within our molecular

simulations [151, 152]. The CSH atomistic model was constructed using the ClayFF [153]
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force field and the simulation box had dimensions of 51.73 Å×22.3174 Å×68.31 Å, with

angles α = 90◦, β = 90◦, and γ = 56.49◦, and tilt factors xy = 14.766 Å, xz = yz = 0

containing 8,593 atoms. The initial atomistic configurations of RH, PCE, and the func-

tionalized carbon chains were built using MS software. Subsequently, these configura-

tions were converted into formats compatible with LAMMPS [119] using the msi2lmp

[120] package. Finally, a 21-step [154] MD simulation protocol was performed on these

polymer systems individually. The molecular models of CMC and PVOH polymers were

adapted from previously published study [155]. Since the CSH model was constructed

with a triclinic simulation box, all polymer systems, including RH and the interfacial

polymers, were deformed in the xy plane to match the same triclinic geometry for consis-

tency, during which their simulated densities were consistently monitored and validated

against experimental density values to ensure accuracy.

The 21-step MD equilibration protocol in Table 3.2 was adapted from Ref. [154].

As the table shows, the simulations proceeded in cycles with progressively higher tem-

peratures and pressures.
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Table 3.2: 21-step MD equilibration scheme.

Step Ensemble Conditions Length (ps)
1 NVT Tmax 50
2 NVT Tfinal 50
3 NPT Tfinal, 0.02× Pmax 50
4 NVT Tmax 50
5 NVT Tfinal 100
6 NPT Tfinal, 0.6× Pmax 50
7 NVT Tmax 50
8 NVT Tfinal 100
9 NPT Tfinal, Pmax 50
10 NVT Tmax 50
11 NVT Tfinal 100
12 NPT Tfinal, 0.5× Pmax 5
13 NVT Tmax 5
14 NVT Tfinal 10
15 NPT Tfinal, 0.1× Pmax 5
16 NVT Tmax 5
17 NVT Tfinal 10
18 NPT Tfinal, 0.01× Pmax 5
19 NVT Tmax 5
20 NVT Tfinal 10
21 NPT Tfinal, Pfinal 800
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3.4.1 Details of Molecular Simulations of CSH/RH/PCE Composites

• Modeling of RH Polymer The Consistent Valence Force Field (CVFF), known for

its reliability in simulating organic systems based on prior research [17, 156, 157,

158] was selected to model RH polymer, which consists of 40 repeating monomer

units. To create the initial configuration of polymer chain we used MS program.

Then, by using the LAMMPS [119] software, the 10 RH polymer chains were ini-

tially packed and equilibrated through equilibrium MD simulations across 21-steps

method [154]. To confirm that the system had reached thermodynamic equilibrium,

we ran an additional 1 ns simulation in the NVT ensemble at 300 K, employing

a 1 fs integration timestep. The equilibrated RH simulation box had dimensions

51.7 Å × 22.3 Å × 43.47 Å, with angles α = 90◦, β = 90◦, and γ = 56.49◦, and

the system contained 5,220 atoms. The validation of our model was confirmed by

the RH density, consistently matching the literature-reported value of 0.90 g/cm3

[159].

• Modeling of PCE Polymer The PCE was modeled as the interface polymer be-

tween CSH and RH. PCE is a polymer-based compound obtained from methoxy-

polyethylene glycol copolymer which has been widely used as a superplasticizer in

the cement industry for years [160]. The core structure of PCE consists of two dis-

tinct repeating units (Figure 3.2(b)): acrylic acid (AA) sodium salt and isopentenyl

polyethylene glycol (TPEG), with a molar ratio of 4:1 between acid and ether com-

ponents. The side chains were evenly distributed along the polymer backbone, with

a total number of 10 side chains (denoted as ‘c’) and a degree of polymerization

(d) of 12 [161]. The force field used in this simulation was the CVFF force field

[158]. First, we built three chains of PCE for the interface of CSH/RH system in

MS program. Then, like the RH model, we used the 21-step equilibrium simulation
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protocol. At the end of the simulation, we observed the full compaction of the three

chains. To ensure that the entire system achieved thermodynamic equilibrium, an

additional 1 ns simulation was conducted within the NVT ensemble at 300 K, em-

ploying a 1 fs integration timestep. The simulation box dimensions for the PCE

model were a = 51.70 Å, b = 26.73 Å, and c = 37.04 Å, with angles α = 90◦,

β = 90◦, and γ = 56.49◦, and the system contained 4,140 atoms. The molecu-

lar weights of PCE range from 9000 to 33,000 g/mol [161]. This aligns well with

the molecular weight of our synthesized PCE polymer, which is 10099.72 g/mol

validating the accuracy of our model [161].

Figure 3.2: Structures of (a) RH and (b) PCE monomers.

• Modeling of CSH/RH/PCE Composite

Initially, an empty space was created within the CSH model to accommodate the

polymer layers. The RH model was first inserted into the CSH matrix. Subse-

quently, the PCE polymer was embedded within the RH/CSH model from both the

top and bottom sides of the RH to monitor its interaction potential between the

rubber and CSH. After completing the embedding process of RH and PCE inside
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the CSH, 21-step [154] MD simulations was conducted along the z-axis direction,

resulting in a compacted composite with lattice cell parameters of a = 51.7 Å,

b = 22.3 Å, c = 181.37 Å, and angles α = β = 90◦, γ = 56.49◦. The final

composite consisted of 22,093 atoms. Finally, to ensure the system was fully equi-

librated and to obtain trajectory information, an additional 1 ns simulation in the

NVT ensemble was performed at 300 K.

Figure 3.3: Structures of CSH/RH and CSH/RH/PCE composites.

3.4.2 Details of Molecular Simulations of CSH/RH/Binder Composite

The molecular models of CMC and PVOH polymers, which are known as binder

polymers, were adapted from previously published study [155]. After deforming them in

the xy plane with a tilt factor of xy = 14 Å, their dimensions were as follows: for the

CMC system, the simulation box dimensions were 51.70 Å × 22.30 Å × 36.74 Å, with

angles α = 90◦, β = 90◦, and γ = 56.49◦, containing 3,130 atoms; and for the PVOH

system, they were 51.70 Å × 22.30 Å × 55.14 Å, with angles α = 90◦, β = 90◦, and
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γ = 56.49◦, containing 7,176 atoms. Just like the CSH/RH/PCE prcocess, to create the

composite structures, we initially modified the CSH model by introducing a void to facil-

itate the insertion of the polymer layers. The process began by inserting the rubber model

into the CSH matrix. Subsequently, polymer layers of CMC or PVOH were added sepa-

rately on both the top and bottom sides of the rubber layer. This arrangement facilitated

a thorough investigation of how these polymers interact with the CSH matrix. Once the

polymer layers were embedded, we conducted 21-step [154] MD simulations along the

z-axis to compact the composite structure (Figure 3.4). Following this, a 1 ns NVT sim-

ulation at 300 K was performed to achieve thermal equilibration and to collect trajectory

data for further analysis.

Figure 3.4: Simulation models of CSH/RH/CMC composite and CSH/RH/PVOH
composite.
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3.4.3 Details of Molecular Simulation of CSH/RH/Carbon chains

To create the carbon chains, saturated hydrocarbon chains containing 51 backbone

carbon atoms were first generated using the polymerization tool in MS program. Subse-

quently, two functional groups including (–OH) and (SiO2) were introduced by substi-

tuting approximately half of the hydrogen atoms along the hydrocarbon backbone. This

substitution ensured a homogeneous distribution of the functional groups across the length

of each carbon chain, as illustrated in Figure 3.5. Then, ten chains of each functionalized

carbon chain were placed into individual simulation boxes. The pairwise LJ potential pa-

rameters, bond, angle, dihedral, and improper parameters were assigned from the CVFF

force field using the msi2lmp package. Finally, a 21-step simulation process [154] was

performed to compact the functionalized carbon chain systems. The equilibrated simu-

lation boxes had the following dimensions: for the OH-functionalized carbon chains, the

simulation box measured 51.70 Å × 22.30 Å × 14.576 Å, with angles α = 90◦, β = 90◦,

and γ = 56.49◦, containing 1,810 atoms. For the SiO2-functionalized carbon chains, the

simulation box measured 51.70 Å × 22.30 Å × 28.48 Å, with angles α = 90◦, β = 90◦,

and γ = 56.49◦, containing 3,110 atoms. The resulting compacted chains were then

embedded within the CSH and RH matrix (Figure 3.6).
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Figure 3.5: Functionalization of carbon chains: (a) carbon chain, (b) SiO2–carbon

chain, (c) OH–carbon chain.

Figure 3.6: CSH/RH/carbon chain composites: (a) CSH/RH/OH-functionalized carbon

chain composite, (b) CSH/RH/SiO2-functionalized carbon chain composite.
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3.5 Polymer/ZIF-8 Composites

We started with constructing ZIF-8 membranes using two structural forms: (1)

the pristine crystalline structure (cryZIF-8) and (2) ZIF-8 structure obtained via pressure-

induced amorphization at 0.4 GPa (aZIF-8@0.4GPa) [162]. These two structures were

used as the starting points for all subsequent modelling. The computational workflow of

the second part of the thesis is shown in Figure 3.7.

Figure 3.7: Computational workflow to predict gas permeabilities in ZIF-8/PIM-1

MMMs.

To create a ZIF-8 membrane model, the ZIF-8 structure was first duplicated along

the z-direction. This step was required to match the dimensions of ZIF-8 and the PIM-

1 polymer in the z-direction. Afterwards, to break periodicity along the z-axis, the

outermost Zn atoms were removed, and the remaining N atoms were terminated with

H atoms (Figure 3.8). The particles of ZIF-8 structures were parameterized with the
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ZIF-FF force field [163] and PACMOF charges [164]. Finally, the membrane struc-

tures were relaxed by a 1 ns equilibrium run in the NVT ensemble at room tempera-

ture using LAMMPS [119] package. Both equilibrated simulation boxes were orthogo-

nal, each containing 13,716 atoms. For cryZIF-8, the simulation box dimensions were

50.9702 Å × 50.9702 Å × 101.9404 Å. For aZIF-8@0.4 GPa, the simulation box dimen-

sions were 50.013 Å × 50.041 Å × 99.818 Å.

Figure 3.8: ZIF-8 membrane model.

• Developing PIM-1 polymer membrane Two PIM-1 membrane models were pre-

pared: pure PIM-1 polymer and AF-PIM-1 polymer. Both models were taken from

a previously published study [165]. The coordinate and topology files were then

converted from GROMACS format to LAMMPS-compatible input files. Bond, an-

gle, and dihedral parameters were assigned with the DREIDING force field [166],
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as reported in the literature [165]. Both the PIM-1 and AF-PIM-1 systems were or-

thogonal. The PIM-1 simulation box measured 50.9701 Å×50.9703 Å×117.6757 Å

and contained 19,800 atoms. The AF-PIM-1 simulation box measured 50.9409 Å×

50.9588 Å × 101.8480 Å and contained 18,900 atoms.

• Developing ZIF-8/PIM-1 MMMs The ZIF-8/PIM-1 based MMM model was gen-

erated by first placing PIM-1 and ZIF-8 in a simulation box and then subjecting

the system to a 21-step [154] compression–equilibration protocol along z-axis di-

rection. This procedure allowed the PIM-1/ZIF-8 interface to develop naturally

and uniformly (Figure 3.9(a)). After a 1 ns NVT with 1 fs timestep equilibration

for the compacted system, the entire box was replicated along the z-axis direction,

producing a final configuration in which the ZIF-8 phase lay at the center, sand-

wiched by PIM-1 layers on both sides (Figure 3.9(b)). Non-bonded interactions

were truncated at 12.50 Å, and long-range electrostatics were evaluated with Ewald

summation at a relative accuracy of 10−4. Polymer–ZIF interactions were repre-

sented as the Coulombic and LJ terms, with cross parameters obtained from the

Lorentz–Berthelot mixing rule [167, 168]. The same workflow was applied to four

MMM systems: (i) crystalline ZIF-8 with pure PIM-1, (ii) crystalline ZIF-8 with

AF-PIM-1, (iii) under pressure aZIF-8@0.4GPa with pure PIM-1, and (iv) under

pressure aZIF-8@0.4GPa with AF-PIM-1.
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Figure 3.9: ZIF-8/PIM-1-based MMMs. Equilibrated membrane structure (a) before
replicating, (b) after replicating.

3.6 Property Analysis
3.6.1 RDF

To describe the spatial correlation between atoms on the surfaces of two materials,

the RDF analysis was employed. This function characterizes the system’s microstructural

information and reflects the interactions between particles [169, 170]. It also provides

insight into the structural organization and interactions within the system. The RDF anal-

ysis describes how the local density of matter changes with distance from a reference point

and quantifies the frequency of specific inter-particle separations [171]. In a crystalline

solid, the RDF curve exhibits pronounced peaks, each corresponding to an interatomic

distance that recurs throughout the lattice. During MD simulation, the RDF is computed

by counting the number of atomic pairs whose separations fall within successive distance

bins. This histogram is then normalized to the system’s average number density, yield-

ing the mean atomic density as a function of radial distance. The general expression to

calculate the RDF (g(r)) is:

g(r) =
dN

4πr2 ρ dr
(3.31)
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where r is the distance between particles, N is the number of particles, and ρ is

the average density of the system [170]. After calculating the RDF in our simulations,

we plotted it with the radial distance from the reference atom on the x-axis (up to the

non-bonded cut-off) and the RDF value g(r) on the y-axis. To explore how the interface

polymer interacts with the composite matrix, we calculated the RDF for the relevant pairs

of atoms. High peaks in the RDF plot show that atoms in the interface polymer and the

matrix are close to one another, confirming strong interaction and indicating that the test

was successful.

3.6.2 Calculation of Interfacial Adhesion Energy

The interfacial adhesion energy is an important parameter that indicates the inter-

action at the interface [17, 172]. In this thesis, the interfacial adhesion energy between

the filler and the polymer matrix was calculated by subtracting the final energies of the

individual composite components from the final energy of the entire composite system.

This method was adapted from approaches reported in previous studies [17, 172] with

slight modifications. In this study, adhesion energy values are reported as representative

(qualitative) indicators; their absolute magnitudes may vary with simulation box size. All

energy values were represented using the total energy (kcal/mol) of the system. The equa-

tions used to calculate the adhesion energies of (a) CSH/RH/Polymer interfaces and (b)

ZIF-8/PIM-1 composites are presented in Equations (3.2) and (3.3), respectively.

∆E = EComposite
total − ERH

total − ECSH
total − EInterfacial Polymer

total (3.32)

∆E = EMMM
total − EZIF-8

total − EPIM-1
total (3.33)
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3.6.3 S-order Parameter

We computed the orientational s-order parameter for the RH layer before and after

adding interfacial polymers to the CSH/RH composite to assess whether the RH layer lost

elasticity. We used the change in s-order as our metric, because it represents the degree

of molecular alignment [173]. We have calculated it based on the following equation:

P2(cos β) =
1

2

(
3 cos2 β − 1

)
(3.34)

where β is the angle between a molecule’s long axis and the director. The s-order

coefficient, ⟨P2⟩, varies between −1
3

and 1. For a perfectly narrow distribution aligned

parallel to the symmetry axis, ⟨P2⟩ = 1. For an isotropic distribution, ⟨P2⟩ = 0. In

contrast, for a distribution in which all orientations are perpendicular to the symmetry

axis, ⟨P2⟩ = −1
3
.
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4. RESULTS AND DISCUSSION

4.1 Models Dimensions

To evaluate whether the model dimensions are sufficient to analyze the interfacial

behaviour for composite systems, we calculated one-dimensional mass density profiles

along the z-axis direction, ρ(z), for all components in both composite groups (CSH/RH-

based and ZIF-8/PIM-1-based composites). The densities were determined by binning

the atoms along the z-axis direction and averaging over the production trajectory by MD

simulations. We considered the model’s simulation box dimensions to be sufficient if each

slab had a central flat region in ρ(z) that matched the corresponding experimental density

within the error bars. In the cementitious composites (Figures 4.2(c) and 4.4), CSH and

the polymer systems, including rubber and interfacial polymers, have flat regions away

from the interfaces, so they behave more like bulk-like regions than thin interphases. In

the ZIF-8/PIM-1 MMM (Figure 4.8), PIM-1 on both sides of ZIF-8 shows long, flat areas

whose densities are consistent with experimental data. Therefore, the polymer region is

thick enough and has a density corresponding to the experimental value. These density

profiles show that each phase contains a bulk-like interior, and interface effects appear

only near the contacts. Therefore, the chosen box dimensions are sufficient to study both

systems.

4.2 CSH/RH/PCE Composite

In the CSH/RH/PCE composite, we computed RDFs to assess the interfacial bond-

ing improvement expected from the PCE polymer. In our models, the calcium ions (Ca2+)

positioned on the surface of the CSH structure are the primary candidates for pairwise in-

teractions with polymers due to their 2+ charge. Therefore, the interaction of these ions

with rubber and PCE was compared via the RDF curves (Figure 4.1(a)). The black line in-

dicates the interaction between Ca2+ ions in CSH and the oxygen atoms of the PCE, while
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the red and blue lines represent the interactions between Ca2+ ions and carbon (CR) and

hydrogen (HR) atoms in the rubber, respectively. In the CSH/RH system, the RDF profiles

for Ca-CR and Ca-HR interactions do not display any specific characteristics peaks. This

observation supports the conclusion that there is a lack of significant interaction between

RH and CSH. While g(r) diagram representing the Ca-O interaction in the CSH/RH/PCE

system, exhibits prominent peaks at distances around 4 Å, these peaks indicate a strong

interaction between the Ca2+ ions and the oxygen atoms in the PCE, which is expected

due to the polar nature of the PCE molecules enhancing the bonding with Ca2+ ions.

This enhanced interaction suggests that the incorporation of PCE as an interfacial layer in

the CSH/RH system leads to improved bonding and structural integration, which can en-

hance the mechanical properties and stability of the composite material. The visualization

of these atomic interactions is shown in Figure 4.1(a).

To measure the degree of orientational order of rubber in two systems of CSH/RH

and CSH/RH/PCE composites, the s-order parameter (Eq. (3.34)) for these systems was

analyzed over a 1 ns MD simulations in NVT ensemble (Figure 4.1(b)). The data show

that the S-order parameter for both systems remains closely aligned, with fluctuations

around an average value of approximately 0.338. The similar S-order parameters show

that the rubber chains keep the same orientation and alignment, and therefore the same

elasticity, in both systems. In other words, adding PCE polymer to the CSH/RH matrix

does not change the orientational order of the rubber molecules.

The z-density profile for CSH/RH/PCE composite system is shown in Figure 4.2(c).

This profile illustrates the density distribution along the z-axis, providing a valuable in-

sight into the extent of rubber embedding within the CSH matrix and the PCE interface.

In the CSH/RH system the embedded length of rubber inside the CSH is observed to be

5 Å from the bottom of the rubber layer and 2 Å from the top. This indicates a relatively
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Figure 4.1: (a) RDF analysis for comparing the interaction between Ca2+ions in CSH
with O atoms of PCE, and with C and H atoms of RH, (b) variation of s-order parameter
during MD simulations for RH system in both CSH/RH and CSH/RH/PCE composites.

limited penetration of the rubber into the CSH matrix, resulting in a less extensive inter-

action between the two components. Conversely, in the CSH/RH/PCE system, the rubber

is embedded within the PCE interface to a greater extent, with an embedding depth of 10

Å from both the top and bottom of the rubber layer. This increased embedding length

signifies a more pronounced interaction between the rubber and the PCE, facilitated by

the interfacial properties of the PCE. The enhanced embedding of rubber within the PCE

interface suggests an improvement in the composite material’s structural integrity. The

greater interfacial interaction can lead to better stress transfer and adhesion between the

rubber and the surrounding CSH matrix, potentially resulting in improved mechanical

properties of the composite. This improvement is critical for applications requiring ro-

bust and durable materials, as it enhances the overall performance of the composite by

ensuring stronger interfacial bonding and better load distribution across the components.

One of the essential criteria for assessing the compatibility of a composite is the
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evaluation of its interfacial adhesion energy. The interfacial adhesion energy is primarily

composed of the van der Waals interaction energy (EVDW) and Coulomb interaction en-

ergy (ECoul). Figure 4.2(a). illustrates the comparative analysis of the interfacial energy

between CSH/RH and CSH/RH/PCE. To calculate the interfacial adhesion energy in the

CSH/RH and CSH/RH/PCE systems at equilibrium, the total van der Waals and Coulom-

bic interaction energy (EVDW-Coul) were determined by summing the van der Waals (EVDW)

and Coulombic (ECoul). The change in energy (∆E) due to the introduction of compo-

nents was calculated using the formula:

∆E =
(
EvdW+Coul

)
CSH/RH/PCE −

(
EvdW+Coul

)
RH −

(
EvdW+Coul

)
CSH −

(
EvdW+Coul

)
PCE (4.1)

Using this approach, the EVDW-Coul for the CSH/RH system was determined to

be -79947.9 kcal/mol. After the addition of the PCE polymer, this value increased to -

85788.09 kcal/mol (minimum energy), indicating a 7.3% increase in the total interaction

energy. This increase can be attributed to the role of PCE polymer in system, facilitating

stronger molecular interactions between the CSH and RH components. The incorporation

of PCE can introduce additional binding sites, leading to a more effective distribution of

stress and an improvement in the mechanical stability of the composite.
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Figure 4.2: (a) Comparison of vdW-Coulomb adhesion energy between CSH/RH and
CSH/RH/PCE systems, (b) Illustration of the interface zone; (c) z-density plot of the

CSH/RH/PCE composite.
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4.3 CSH/RH/Binder Composite

The first criteria analyzed for assessing the compatibility between several layers

of a composite is the evaluation of the interfacial adhesion energy between its consisting

layers. To do so, the adhesion energies of CSH/RH/CMC and CSH/RH/PVOH composites

were calculated based on the following equation:

∆E = (Etotal)Composite − (Etotal)Rubber − (Etotal)CSH − (Etotal)Binder Polymer (4.2)

According to Figure 4.3(a), the adhesion energy for the CSH/RH/PVOH system

is -4559.24 kcal/mol and for CSH/RH/CMC system is -5337.85 kcal/mol (minimum en-

ergy) indicating a 17.08% increase in the total interaction energy. This increase can be

attributed to the fact that CMC is a water-soluble polymer and can interact easily with the

hydrophilic part of the composite, CSH. So, it acts as an efficient bridge connecting CSH

and RH together to solve the incompatibility between them. The incorporation of CMC

can introduce additional binding sites, leading to a more effective distribution of stress

and an improvement in the mechanical stability of the composite.

Figure 4.3: (a) Comparison of total adhesion energy between CSH/RH/CMC and
CSH/RH/PVOH systems, (b) Comparing RDF plots of CSH/RH and CSH/RH/CMC

composite systems.

To describe the spatial correlation between atoms on the surfaces of two materials,
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the RDF analysis is mainly used. In our study, we conducted an RDF analysis to compare

the interatomic interactions between the CMC polymer and the CSH matrix with those

between the RH polymer and the CSH matrix. Ca2+ ions on the surface of the CSH

structure, with their 2+ charge, are the main candidates for pairwise interactions with

the atoms of polymers. In the RDF plots (Figure 4.3(b)), the blue line represents the

interaction between Ca2+ ions in CSH and the oxygen atoms of CMC. The gray and

pink lines show the interactions between Ca2+ ions and the carbon (CR) and hydrogen

(HR) atoms in the rubber, respectively. In the CSH/RH system, the RDF profiles for

Ca-CR and Ca-HR interactions do not show any distinct peaks. This indicates that there

is minimal significant interaction between isoprene and CSH. In contrast, the RDF plot

for the CSH/RH/CMC system reveals a pronounced peak around 2.45 Å for the Ca-O

interaction. This peak signifies a strong interaction between the calcium ions and the

oxygen atoms in CMC. The enhanced interaction suggests that incorporating CMC as

an interfacial layer in the CSH/RH system improves bonding and structural integration,

which likely enhances the mechanical properties and stability of the composite material.

The next criterion is analyzing the density of composites in the z direction to

visualize the embedment of rubber within the composites. As shown in Figure 4.4, the

rubber layer in the CSH/RH/CMC composite is embedded homogeneously within the

composite matrix. This demonstration suggests that the voids between the rubber and

CSH, caused by their incompatibility, have decreased. As a result, the rubber particles are

more uniformly dispersed among the CSH particles, leading to more stable bonds between

them. Figure 4.4 also illustrates the interfaces between CSH/CMC and RH/CMC from a

close-up view, highlighting the deep embedding of CMC within both the CSH and RH

components of the composite.

To assess the orientational order of RH in CSH/RH and CSH/RH/CMC com-

posites, the s-order parameter was calculated. The s-order parameter for rubber in both
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Figure 4.4: z-density of CSH/RH/CMC composite.

CSH/RH and CSH/RH/CMC systems was analyzed over a 1 ns NVT molecular dynamics

simulation (Figure 4.5). The results show that the s-order parameter remains consistent

in both systems, with fluctuations around an average value of approximately 0.33. This

suggests that the addition of the CMC polymer does not significantly influence the orien-

tational order of the rubber molecules.

Figure 4.5: S-order parameter variations for RH system in both CSH/RH and
CSH/RH/CMC composites.

To investigate the effect of temperature variations on the adhesion energy of com-

posites, equilibrium simulations were performed in the NVT ensemble at five different
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temperatures: 280 K, 290 K, 300 K, 310 K, and 320 K. Subsequently, the change in en-

tropy (∆S) for both systems was calculated by plotting ∆E/T against 1/T (Figure 4.6).

As shown in Figure 4.6 and Table 4.1, the change in entropy with temperature variations

was found to be higher for the CSH/RH/PVOH composite, indicating that the adhesion

of PVOH to the CSH matrix is more entropic in nature. This suggests that the adhesion

property of PVOH may decrease with temperature changes. In contrast, the lower en-

tropy change observed in the CSH/RH/CMC composite implies that its adhesion property

is less affected by temperature variations, making it more stable under changing thermal

conditions.

Table 4.1: Energetic and entropic values of total adhesion energy for CSH/RH/PVOH

and CSH/RH/CMC composites.

Structure ∆E (kcal/mol), 300 K ∆S (kcal/mol K)

CMC-Composite -5337.85 6.10

PVOH-Composite -4559.24 12.58
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Figure 4.6: Comparison of adhesion energy changes with temperature variation for

CSH/RH/CMC and CSH/RH/PVOH composite systems.

4.4 CSH/RH/Carbon Chain Composite

Figure 4.7 shows the effect of adding SiO2 and OH-functionalized carbon chains

at the interface between CSH and RH. We first calculated the interfacial adhesion energy

of the CSH/RH/SiO2 and CSH/RH/OH composites. As explained in Eq. (3.32), the ad-

hesion energy is obtained by subtracting the sum of the total energies of the individual

components from the total energy of the composite. The CSH/RH/SiO2 system showed

an increase of 16.62% in interfacial adhesion energy compared to the CSH/RH/OH com-

posite, indicating stronger bonding and a more compatible structure. To understand this
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result, we examined the atomic interactions in the interface using RDF plots. As Fig-

ure 4.7 shows, the oxygen atoms in SiO2 interact stronger with Ca2+ ions in CSH than

the oxygen atoms in the OH groups. This outcome likely happens because SiO2 contains

more oxygen atoms than OH, giving it more chances to bond with CSH.

Figure 4.7: (a) Comparison of total adhesion energy between CSH/RH/SiO2 and
CSH/RH/OH systems; (b) Comparing RDF plots of CSH/RH/SiO2 and CSH/RH/OH

systems.

4.5 ZIF-8/PIM-1-based MMMs

Before analyzing the gas permeation properties, we first assessed the density dis-

tribution of the ZIF-8/PIM-1 MMMs along the membrane z-axis. As described before, the

21-step compaction procedure [154] was used to create the atomistic models of MMMs.

Because of the temperatures and pressures used in the 21-step MD simulations, it is es-

sential to check the reliability of the final MMM model. A uniform density profile is

necessary to confirm that the packing process does not cause artificial densification or

voids in the polymer phase. As illustrated in Figure 4.8, the density of the PIM-1 matrix

remains constant at 1.05 ± 0.02 g cm−3, in close agreement with values reported in the

literature [165]. Throughout the slab, the bulk density of the polymer is unaffected by the
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presence of ZIF-8 particles. As a result, the inherent mechanical characteristics, and con-

sequently, the interfacial morphology relevant to gas transport of PIM-1 are maintained

for all remaining analyses.

Figure 4.8: Density analysis along the z-axis for: (a) cryZIF-8/PurePIM-1, (b)
cryZIF-8/PurePIM-1 MMM’s interfacial zone, (c) aZIF-8@0.4GPa/PurePIM-1, and (d)

aZIF-8@0.4GPa/PurePIM-1 MMM’s interfacial zone.

To compare the compatibility between ZIF-8 and PIM-1 in their respective com-

posites, we calculated the interfacial adhesion energy using Eq. (3.33). For each sys-

tem, the total energies of the isolated components were subtracted from the total energy

of the corresponding MMMs. This procedure was applied to the cryZIF-8/PurePIM-1,

aZIF-8@0.4 GPa/PurePIM-1, cryZIF-8/AF-PIM-1, and aZIF-8@0.4 GPa/AF-PIM-1 com-

posites, as illustrated in Figure 4.10. Both of the MMM structures that contain aZIF-8@0.4

structure, the aZIF-8@0.4 GPa/PurePIM-1 and aZIF-8@0.4 GPa/AF-PIM-1 MMMs ex-

hibited higher adhesion, indicating that amorphization of ZIF-8 enhances its compatibility

with PIM-1 and therefore improves its industrial applicability.
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RDF analyses were performed to probe atomic interactions at the ZIF-8/PIM-1

interface in all four MMMs. Pronounced peaks corresponding to N· · ·H contacts, be-

tween the nitrogen atoms of PIM-1 and the hydrogen atoms of ZIF-8, appeared in RDF

plots. These peaks were notably higher for composites containing pristine PIM-1, reveal-

ing stronger N· · ·H interactions in both crystalline and amorphous ZIF-8 systems. The

difference arises from the bonding environments of the nitrogen atoms. In pristine PIM-1

each nitrogen belongs to a nitrile group (C≡N) and is therefore only triple-bonded to

carbon, leaving its lone pair available for intermolecular interactions. In AF-PIM-1, how-

ever, each nitrogen forms one C–N single bond and two N–H single bonds (NH2). This

saturated, lower-energy configuration restricts the lone pair and reduces both the driving

force and the freedom for interacting with neighbouring atoms, leading to weaker N· · ·H

contacts with ZIF-8 (Figure 4.9).

Figure 4.9: Atomistic structures of (a) AF-PIM-1 and (b) PIM-1 monomers.
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Figure 4.10: (a) Adhesion energy analysis for ZIF-8/PIM-1 MMMs, (b) RDFs analysis

for the hydrogen atoms of surface imidazolate of the ZIF-8 (both cryZIF-8 and

aZIF-8@0.4GPa) and the nitrogen atoms of PIM-1 (pure PIM-1 and AF-PIM-1), (c) the

representation of nitrogen atoms of pure PIM-1 and AF-PIM-1 in interaction with

hydrogen atoms of surface imidazolate of the ZIF-8 (The interacting atoms have been

highlighted in yellow).

According to the RDF results shown in Figure 4.10, we initially observed higher

interaction between the hydrogen atoms of ZIF-8 and the nitrogen atoms of PIM-1 rather

than other interfacial interactions between two structures. However, this observation may

be misleading. During the membrane construction process, hydrogen atoms were added

to terminate the surface nitrogen atoms of ZIF-8. As a result, the surface of ZIF-8 contains

an artificially high number of hydrogen atoms, which increases the apparent interaction
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with nitrogen atoms in RDF plots. These additional hydrogen atoms are not part of the

original ZIF-8 structure and do not represent actual interfacial bonding. Therefore, they

can mislead the interpretation of interfacial interactions between ZIF-8 and PIM-1. This

is an important issue to consider when using MD simulations to analyze interfacial in-

teractions through RDF in MMMs. To avoid this issue, we focused on more meaningful

atom pairs:(a) the interaction between zinc atoms of ZIF-8 and nitrogen atoms of PIM-1,

and (b) the interaction between nitrogen atoms of ZIF-8 and oxygen atoms of PIM-1.

In Figure 4.11a, the RDF curves show that the Zn–N interaction was stronger in

the ZIF-8/PIM1 system compared to the ZIF-8/AF-PIM1 system. This indicates that pure

PIM-1 interacts more strongly with ZIF-8 than AF-PIM-1. One possible reason is that the

lone pairs of electrons on the nitrogen atoms in pure PIM-1 are more available for inter-

action, whereas in AF-PIM-1, their availability is partially restricted due to the hydrogen

atoms bonded to the nitrogen atoms. Furthermore, Figure 4.11b presents the RDF pro-

files for the interaction between nitrogen atoms of ZIF-8 and oxygen atoms of PIM-1 and

AF-PIM-1. The RDF curves across all four systems (crystalline/aZIF-8@0.4GPa with

pure/AF PIM-1) are similar to eachother. This indicates that the oxygen atoms in both

types of PIM-1 occupy similar spatial positions and have similar interaction tendencies

with the nitrogen atoms of ZIF-8. Therefore, the presence of amine functional groups in

AF-PIM-1 does not significantly affect this particular interaction. Finally, Figure 4.11c

provides atomic-level visualizations of the interacting atoms. The atoms involved in the

RDF analysis are highlighted in yellow, supporting the interpretation of the RDF plots.
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Figure 4.11: RDF analysis between ZIF-8 and PIM-1 structures: (a) zinc atoms of

ZIF-8 and nitrogen atoms of PIM-1, (b) nitrogen atoms of surface imidazlate of the

ZIF-8 and oxygen atoms of PIM-1. For the ZIF-8 structure, both cryZIF-8 and

aZIF-8@0.4GPa structures are included; for PIM-1, both pure PIM-1 and AF-PIM-1

structures are considered. (c) Atomic representation of the interacting sites between

ZIF-8 and PIM-1, with the interacting atoms highlighted in yellow.

In Section 3.3, we show how the Maxwell and modified Felske models predict

gas transport through MMMs by integrating the permeability data of the separate poly-

mer and filler phases. The Maxwell model is generally used when the volume fraction of

filler particles (ZIF-8 in this study) is less than 0.2. At higher values of ϕ there are devia-

tions between the experimental permeability of MMM and the permeability that Maxwell

model predicts. Specially in higher values of ϕ (ϕ→ ϕm, ϕm: maximum packing volume
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fraction of filler particles), the Maxwell fails to predict the gas permeability correctly.

Another limitation of the Maxwell model is that it fails to account for particle size dis-

tribution, particle shape, and particle aggregation [174]. Several prediction models have

been suggested to overcome the limitations of the Maxwell model. One of these models

is called the modified-Felske model [174]. As it is described in Section 3.3, this model

considers the effect of morphology and volume fraction of filler particles.

In this part, we have compared the accuracy of Maxwell and modified-Felske mod-

els in predicting the permeability of CO2 through cryZIF-8/PIM-1 and aZIF-8@0.4 GPa/-

PIM-1 MMMs. In our calculations, the volume fraction of ZIF-8 was set to 0.28 to be con-

sistent with the experimental data [175]. We adapted the li (the ZIF-8/PIM-1 interfacial

region length) of both MMMs from the z-density analysis of MD results as shown in Fig-

ure 4.8. The li parameters for cryZIF-8/PIM-1 and aZIF-8@0.4 GPa/PIM-1 MMMs were

15 and 11 Å, respectively. The permeability of CO2 through aZIF-8@0.4 and cryZIF-8

was calculated using GCMC [162] and EMD simulations and the permeability values for

PIM-1 were adopted from previously reported literature data [176]. As it is shown in

Figure 4.12, predicting permeability of MMM using modified Felske models results in

smaller deviation from experimental data rather than Maxwell model. Experimental data

in Figure 4.12 is taken from Bushell et al. [175] This is due to including both li and ϕm

in modified Felske model. The permeability in all parts of the polymer phase is not uni-

form, and the permeability of interfacial regions is given by Pi =
Pc

A
, where A, called the

chain immobilization factor, is an empirical constant used to tell the difference between

the permeability of the interfacial polymer layer and that of the bulk polymer matrix. In

practice, A is often taken to be between 3 and 4 [144]. Throughout our calculations, we

assume A = 3. However, because the Maxwell model assumes ideal mixing in MMMs

and ignores interfacial voids, it tends to give larger errors compared to experimental data.
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Figure 4.12: Comparison of permeability predictions by the Maxwell and modified

Felske models for MMMs.

Table 4.2: Comparison of PLD, the LCD, and density for ZIF-8.

Material Name PLD (Å) LCD (Å) Density (g/cm3)

cryZIF-8 3.425 11.508 0.925

aZIF-8@0.4GPa 3.177 10.899 0.980

We investigated how pressure affects ZIF-8 performance while mimicking indus-

trial gas-separation conditions. Because, MOFs and ZIFs used in industry usually con-

tain defects rather than being perfect crystals. As shown in Table 4.2, both the pore

limiting diameter (PLD) and the largest cavity diameter (LCD) of ZIF-8 reduces under

pressure while its density increases [162]. As shown in Figure 4.12, MMMs containing

aZIF-8@0.4GPa exhibit permeabilities that agree more closely with experimental values

than those with crystalline ZIF-8 when evaluated using both the Maxwell and modified

Felske models. Overall, this work highlights the importance of studying different forms

of ZIF-8 for MMM applications.
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5. CONCLUSION

In this thesis, we focus on understanding the interfacial interactions of composites,

a key challenge in materials design. The compatibility between composite layers critically

influences properties such as stability, durability, and workability. This thesis examines

two classes of composites: cementitious composites and ZIF-8/PIM-1 MMMs.

For cementitious composites, we performed MD simulations on a CSH/RH sand-

wich-like composite. Due to the hydrophilic nature of CSH and the hydrophobicity of

RH, voids form at the interface, reducing the composite’s mechanical strength. To ad-

dress this, we evaluated polymers, including PCE, CMC, PVOH, and functionalized car-

bon chains with (OH) and (SiO2) as potential interfacial bridges. Our results showed that

inserting PCE between CSH and RH increased the adhesion energy by 7.3% compared

to the untreated CSH/RH composite. RDF analysis further confirmed pairwise interac-

tions between PCE’s oxygen atoms and CSH’s Ca2+ ions, indicating enhanced interfacial

compatibility.

We also compared the performance of CMC and PVOH as interfacial polymers.

PVOH, a non-biodegradable polymer, is conventionally used in CSH/RH composites. In

contrast, CMC, a cellulose derivative, is a prominent industrial biopolymer. We compared

the binding performance of these two polymers by incorporating them into the CSH/RH

matrix. CMC improved the matrix compatibility more effectively, increasing the adhesion

energy of the CSH/RH/CMC system by 17.08% compared to CSH/RH/PVOH. Addition-

ally, RDF analysis revealed stronger pairwise interactions between CMC and CSH than

between PVOH and CSH.

Finally, our analysis of carbon chains as an interfacial layer between CSH and

RH revealed that SiO2-functionalized carbon chains exhibited superior performance in

bridging the hydrophilic and hydrophobic phases. The interfacial adhesion energy of the
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CSH/RH/SiO2 system increased by 16.63% compared to the untreated composite. Fur-

thermore, RDF analysis supported these findings, demonstrating stronger pairwise inter-

actions between SiO2 and CSH.

In the ZIF-8/PIM-1 system, we investigated four MMMs: crystalline ZIF-8 with

pure PIM-1, crystalline ZIF-8 with AF-PIM-1, pressurized ZIF-8@0.4 GPa with pure

PIM-1, and pressurized ZIF-8@0.4 GPa with AF-PIM-1. The MMMs incorporating pres-

surized ZIF-8 structures exhibited a 1.4% higher interfacial adhesion energy compared to

those with crystalline ZIF-8. RDF analysis revealed that MMMs containing pure PIM-

1 demonstrate stronger interfacial interactions than those with AF-PIM-1. Additionally,

permeability predictions using the modified Felske model showed closer agreement with

experimental values compared to the Maxwell model. Our key contributions to the litera-

ture include:

• We systematically evaluated five interface polymer candidates, PCE, CMC, PVOH,

and carbon chains functionalized with OH- and silica (SiO2) groups for their effec-

tiveness as bridging agents at rubber-concrete interfaces.

• We computed RDFs, z-density profiles, and interfacial adhesion energies for the

interface polymers between RH and CSH.

• We appplied continuum modelling to predict gas permeability in MMMs composed

of crystalline ZIF-8 and ZIF-8 structures produced under a pressure of 0.4 GPa.

• We compared the performance of MMMs composed of PIM-1 and amine-functiona-

lized PIM-1 with ZIF-8 structures.

It is important to highlight the assumptions we made in this thesis. We first as-

sumed that CSH is a representative phase of concrete. Although CSH is the primary
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hydration product responsible for the mechanical strength and structural integrity of con-

crete, other hydration products, such as calcium hydroxide (portlandite, Ca(OH)2), tri-

calcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF), also coexist within

concrete and may influence its overall properties and behavior.

In the ZIF-8/PIM-1 MMMs, we used the modified Felske model to predict perme-

ability and compared our results with only a single experimental data. Ideally, various ex-

perimental data should be considered to comprehensively validate our simulation results.

Additionally, using interface-specific force fields in both rubber/concrete and ZIF-8/PIM-

1 composites, which account for the surface chemistry of the components, would further

enhance the validity and reliability of our simulation results.

As a future work, we propose employing machine learning techniques to system-

atically evaluate diverse material structures, which could enhance predictive modelling

and advance fundamental understanding in materials design. Various amorphous struc-

tures of ZIF-8 (taken from different pressure regimes) can be used in the MMM models

to figure out their potential in gas separation applications. Furthermore, non-equilibrium

MD simulations can be designed to predict a more realistic gas separation mechanism in

composites.

Overall, the results obtained in this thesis will provide both fundamental insights

and practical methodologies for future model development in composite systems.
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[121] Dassault Systèmes Biovia, Biovia Pipeline Pilot. Dassault Systèmes, San Diego,
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APPENDIX A. CVFF PARAMETERS FOR CSH/RH
COMPOSITE

The CVFF force field parameters for PCE polymer are given as follows:

Table A.1: Atomic charges and LJ parameters for PCE polymer.

Atom Name Atom Type Charge (e) ε (kcal/mol) σ (Å)
C c3 −0.331 0.039 3.876
H h +0.066 0.039 2.450
C c −0.031 0.160 3.474
C c2 −0.109 0.039 3.875
O o −0.261 0.228 2.859
O oh −0.411 0.228 2.859
C c′ +0.379 0.148 3.617
C c1 −0.131 0.039 3.875
O o′ −0.411 0.228 2.860
H ho +0.319 0.038 2.450
Na naoh +1.000 0.115 2.337

The CVFF force field parameters for RH polymer are given as follows:

Table A.2: Atomic charges and LJ parameters for RH polymer.

Atom Name Atom Type Charge ε (kcal/mol) σ (Å)
C c2 −0.1 0.039 3.875
C c= −0.2 0.148 3.617
H h +0.1 0.038 2.450
C c3 −0.2 0.039 3.875
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APPENDIX B. ZIF-FF PARAMETERS FOR
ZIF-8/PIM-1 COMPOSITE

The ZIF-FF force field parameters for ZIF-8 are given as follows:

Table B.1: Atomic charges and LJ parameters for ZIF-8.

Atom Name Atom Type Charge ε (kcal/mol) σ (Å)
C C1 +0.437 0.086 3.400
C C2 −0.066 0.086 3.400
C C3 −0.460 0.086 3.400
H H2 +0.114 0.015 2.510
H H3 +0.138 0.016 2.471
N N −0.420 0.170 3.250
Zn Zn +0.707 0.012 1.960
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