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ABSTRACT

SURFACE ADSORPTION OF CO-POLYMERS

Darya Karimpour Khamaneh

M.S. in Material science and nanotechnology

Advisor: Asst. Prof. Aykut Erbaş

August 2022

Since the Polymer Age was born, researchers have manifested a great interest in inves-

ƟgaƟng polymeric world. Such an enthusiasm arises from polymers’ astonishing proper-

Ɵes and the sign of their footprint in various places and natural phenomena. Studying

the structure of these long molecules of repeaƟng idenƟcal units makes a beƩer insight

of their mechanisms. Besides, discovering the fact that how polymers enroll in numerous

natural events creates a huge opportunity for scienƟsts tomimic theirmechanisms in syn-

theƟc (human-made) processes or to improve their funcƟons. So far, mulƟtude ofmodels

and approaches have been uƟlized to invesƟgate polymers. Here, we employ molecular

dynamics simulaƟons, where we model surface adsorpƟon of co-polymers. The moƟ-

vaƟon behind this study is to examine if different physical and chemical criteria includ-

ing iniƟal condiƟons, chemical structures, and reference frames can have impact on co-

polymers’ adsorpƟon. Our simulaƟons qualitaƟvely indicate that different co-polymers

get adsorbed on the surface. Furthermore, using the data extracted from simulaƟons,

we analyze modificaƟon of monomers’ concentraƟons while co-polymers get adsorbed

on the surface. We, also, quanƟfy changes of brush height, and creaƟon of loops on

the surface. Then, by replacing di-block co-polymers (the first type of co-polymers for
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our model) with tri-block, random, and alternaƟng co-polymers, also homopolymers, we

analyze parameters and reach to disƟnct paƩerns for each type of linear co-polymers.

In another aƩempt, we modify strength of interacƟons to invesƟgate possible impacts

of solvent on adsorpƟon process. For the last step, we try to alter the arrangement of

co-polymers on the surface, and this Ɵme, measure the same parameters and compare

results with the previous configuraƟon. We think this study to cascade into more aspects

of surface-adsorpƟon of co-polymers, and, in an extensive view, to have implicaƟons in

the creaƟon of insight into biological phenomena, and/or the biotechnological research

and applicaƟons.

Keywords: polymers, surface-adsorpƟon, co-polymers, molecular dynamics simulaƟon.
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ÖZET

KOPOLIMERLERIN YÜZEY ADSORPSIYONUNU

Darya Karimpour Khamaneh

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans

Tez Danışmanı: Dr. Aykut Erbaş

Ağustos 2022

Polimer Çağı doğduğundan beri, araşƨrmacılar polimerik dünyanın araşƨrılmasına büyük

ilgi gösterdiler. Böyle bir coşku, polimerlerin şaşırƨcı özelliklerinden ve çeşitli yerlerde ve

doğal olaylarda ayak izlerinin işareƟnden kaynaklanmaktadır. Yinelenen özdeş birimler-

den oluşan bu uzun moleküllerin yapısını incelemek, mekanizmalarının daha iyi anlaşıl-

masını sağlar. Ayrıca, polimerlerin sayısız doğa olayına nasıl dahil olduğunu keşfetmek,

bilim adamlarının senteƟk (insan yapımı) süreçlerdeki mekanizmalarını taklit etmeleri

veya işlevlerini iyileşƟrmeleri için büyük bir ķrsat yaraƨyor. Şimdiye kadar, polimer-

leri araşƨrmak için çok sayıda model ve yaklaşım kullanılmışƨr. Burada, kopolimer-

lerin yüzey adsorpsiyonunu modellediğimiz moleküler dinamik simülasyonlarını kullanıy-

oruz. Bu çalışmanın arkasındaki moƟvasyon, başlangıç koşulları, kimyasal yapılar ve

referans çerçeveleri dahil olmak üzere farklı fiziksel ve kimyasal kriterlerin kopolimer-

lerin adsorpsiyonu üzerinde etkisi olup olmadığını incelemekƟr. Simülasyonlarımız nite-

liksel olarak farklı kopolimerlerin yüzeyde adsorbe edildiğini göstermektedir. Ayrıca,

simülasyonlardan elde edilen verileri kullanarak, kopolimerler yüzeyde adsorbe olurken

monomerlerin konsantrasyonlarının modifikasyonunu analiz ediyoruz. Ayrıca ķrça yük-

sekliğindeki değişiklikleri ve yüzeydeki halka oluşumlarını da ölçüyoruz. Ardından, iki
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bloklu kopolimerleri (modelimiz için ilk Ɵp kopolimerler) üç bloklu, rastgele ve alternaƟf

kopolimerlerle, ayrıca homopolimerlerle değişƟrerek, parametreleri analiz eder ve her

tür için farklı desenlere ulaşırız. lineer kopolimerler. Başka bir girişimde, çözücünün ad-

sorpsiyon işlemi üzerindeki olası etkilerini araşƨrmak için etkileşimlerin gücünü değişƟriy-

oruz. Son adım olarak, yüzeydeki kopolimerlerin düzenini değişƟrmeye çalışıyoruz ve

bu sefer aynı parametreleri ölçüyoruz ve sonuçları önceki konfigürasyonla karşılaşƨrıy-

oruz. Bu çalışmanın, kopolimerlerin yüzey adsorpsiyonunun daha fazla yönüne kademeli

olarak gireceğini ve kapsamlı bir bakış açısıyla, biyolojik olaylara ve/veya biyoteknolo-

jik araşƨrma ve uygulamalara ilişkin içgörü yaraƨlmasında çıkarımlara sahip olacağını

düşünüyoruz.

Anahtar sözcükler: polimerler, yüzey adsorpsiyonunu, kopolimerler, moleküler dinamik
simülasyonu.

vi



Acknowledgement

First and foremost, I would like to present my appreciaƟon to Dr. Aykut Erbaş for his

supervision and guidance throughout this study.

I would like to thank my jury members, Dr. Ozan Sarıyer and Dr. Seymur Jahangirov

for their Ɵme to evaluate my thesis and for their invaluable feedback.

I would also want to thank the members of the research Lab, Ata Utku Ozkan, Ekrem

Mert Bahceci, Zafer Kosar, Muzaffar Rafique, and Ali Göktuğ AƩar, who were always wel-

come my quesƟons, for their helpful and friendly aƫtudes.

I am thankful to Prof. Ceyhun Bulutay and Prof. Cemal Yalabik for all the pure and

unique moments that they gave me in their lectures and for their paƟence that fulfilled

me with the answers to all my quesƟons. Their lectures were the most valuable giŌs that

I have received in my Master’s study.

I am grateful to meet Dr. Seymur Jahangirov and have the opportunity to aƩend his

lectures. He is one of my favorite scienƟsts and I look up to him. Once again, I would like

to thank him for his generosity in sharing his knowledge and also for his humility.

I want to thankNoor A. H. Yousuf, Benjamin Edun, Xhulian Lickollari, Ziba Arghiani, Hilal

Korkut, Chulhyeong Lee, and all the other classmates, friends, and office mates whom

their presence was a huge amount of posiƟve energy to me, and I did not spend Ɵme

with them as they deserve it.

It is my pleasure to thank Dr. Iqra Munir, Dr.Volkan Aslan, Dr. Nina Sheremet, Dr. Betül

Canımkurbey, and Dr. SaƟsh Kumar who were my greatest inspiraƟons in the insƟtute.

I also want to thank the staff of the on-campus housing, the chefs, and the managers

of the on-campus cafeterias that brought me to try delicious Turkish dishes and helped

vii



me have a high-quality life during the pandemic (2020-2022).

Finally, I want to express my deepest love to my parents, Taiyebeh and Mohammad,

who gave me the giŌ of incenƟve to turn my childhood dreams into my golden goals for

a transiƟon from being the home’s messy princess to a crazy scienƟst. Also, I am grateful

to my lovely twin sister, Donya, our past so-called “hazelnut” and the future pharmacist,

for her big heart that taught me courage and kindness. Thank you!

viii



Dedicated to

the strongest woman of my life, Taiyebeh

and the supporƟve man ever of my life, Mohammad.

ix



Contents

1 IntroducƟon 22

2 Background 24

2.1 Historical review of polymer science . . . . . . . . . . . . . . . . . . . . 26

2.2 Microstructure of polymer . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Fractal polymer conformaƟon- polymer macrostructure . . . . . . . . . . 29

2.4 Polymeric substances . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5 Polymer dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.6 Co-polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.7 Co-polymers at interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.8 Polymer adsorpƟon on surface . . . . . . . . . . . . . . . . . . . . . . . 32

2.9 modeling polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3 Methodology 34

3.1 ConfiguraƟon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1.1 Surface design . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1.2 Di-block co-polymers design . . . . . . . . . . . . . . . . . . . . 35

x



3.1.3 Replacing di-block co-polymers with other linear co-polymers . . 37

3.1.4 Co-polymers relaxaƟon . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.5 AŌer relaxing the co-polymers . . . . . . . . . . . . . . . . . . . 40

3.2 Analyzing simulaƟon file . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 ConcentraƟon profile . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.2 Curve fiƫng the concentraƟon profile graphs . . . . . . . . . . . 41

3.2.3 CalculaƟng volume fracƟon . . . . . . . . . . . . . . . . . . . . 41

3.2.4 Measuring height of brushes . . . . . . . . . . . . . . . . . . . . 42

3.2.5 QuanƟfying loop formaƟons . . . . . . . . . . . . . . . . . . . . 43

3.2.6 Finding knots . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 SimulaƟon model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.1 non-bonded interacƟons . . . . . . . . . . . . . . . . . . . . . . 45

3.3.2 Covalent bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3.3 Angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3.4 Thermodynamic stabilizaƟon . . . . . . . . . . . . . . . . . . . . 47

3.3.5 An alternaƟve model for co-polymers . . . . . . . . . . . . . . . 47

4 Results and discussion 51

4.1 Surface-adsorpƟon of di-block co-polymers . . . . . . . . . . . . . . . . 51

xi



4.2 The effect of strength of interacƟons on adsorpƟon process . . . . . . . . 54

4.3 The effect of number of co-polymers on adsorpƟon process . . . . . . . 62

4.4 The effect of proporƟon of different beads in a co-polymer on adsorpƟon

process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.5 Co-polymer brush . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.6 Loop formaƟon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.7 The effect of chemical correlaƟon on adsorpƟon process . . . . . . . . . 73

4.7.1 Triblock co-polymers . . . . . . . . . . . . . . . . . . . . . . . . 73

4.7.2 Random co-polymers . . . . . . . . . . . . . . . . . . . . . . . . 77

4.7.3 Homopolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.8 The effect of co-polymers arrangement on adsorpƟon process . . . . . . 84

5 Conclusion and Future prospects 88

Bibliography 90

xii

98Appendix



List of Figures

1.1 An illustraƟon of polymers on a surface containing snapshots of different

polymer configuraƟons . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 Examples of textures where polymers can exist. . . . . . . . . . . . . . . 26

3.1 A representaƟve snapshot of the surface A) A perspecƟve view of the

surface showing the thickness it, B) A side view of the surface showing

the surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 A snapshot of four co-polymer chains arranged on the surface; A piece of

one of the chains has been magnified to show the arrangement of beads

along the chain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 A snapshot of the iniƟal configuraƟon of the model . . . . . . . . . . . . 36

3.4 An illustraƟon of five types of co-polymers according to the chemical cor-

relaƟon parameter; A) homopolymer, B) Tri-block co-polymer, C) Di-block

co-polymer, D) AlternaƟng co-polymer, E) Random co-polymer . . . . . . 38

3.5 A snapshot of the relaxed co-polymers . . . . . . . . . . . . . . . . . . . 39

3.6 A snapshot of the configuraƟon aŌer the relaxaƟon Ɵme . . . . . . . . . 40

3.7 A scheme represenƟng co-polymer brushes . . . . . . . . . . . . . . . . 42

3.8 A scheme represenƟng loop formaƟon on the surface . . . . . . . . . . . 43

3.9 A scheme represenƟng a Trefoil knot along a chain . . . . . . . . . . . . 44

xiii



3.10 An illustraƟon showing various reference frames . . . . . . . . . . . . . 48

3.11 A snapshot showing two co-polymers are distributed randomly on the

surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.12 A snapshot showing the configuraƟon of the second model . . . . . . . . 50

4.1 Snapshots of the simulaƟon; A) a frame of the simulaƟon aŌer the relax-

aƟon Ɵme, B) the last frame of the simulaƟon . . . . . . . . . . . . . . . 52

4.2 Number of beads with respect to their z-distance from the surface. Here,

the red graph, the blue graph, and the green graph represent the number

of red beads, the blue beads, and the total number of beads (red and blue

beads), respecƟvely. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3 plots showing the number of red beads and blue beads above the surface,

the curves fiƩed on the paƩern of beads are exponenƟal and gaussian

funcƟons for red and blue beads, respecƟvely. . . . . . . . . . . . . . . . 54

4.4 Snapshot of the simulaƟon. The aƩracƟon between surface and red

beads is u = 3KT , and co-polymers are not adsorbed on the surface.

Red beads aƩract each other with the strength interacƟon of u = 3KT

andmake a red cylinder above the surface, and blue beads, which repulse

each other with the strength of interacƟon u = 2KT , gather around the

red cylindrical shape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5 Snapshot of simulaƟon, the last frame of the simulaƟon where the

strength of aƩracƟons between red beads and the surface, and between

red beads with themselves are u = 10KT , and blue beads repulse each

other with the strength of interacƟon u = 2KT . . . . . . . . . . . . . . 55

xiv



4.6 Number of beads with respect to their z-distance from the surface for the

above system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.7 plots showing the number of red beads and blue beads above the surface,

the curves fiƩed on the paƩern of beads are exponenƟal and gaussian

funcƟons for red and blue beads, respecƟvely. . . . . . . . . . . . . . . . 57

4.8 Number of beads with respect to their z-distance from the surface when

strength of aƩracƟons increases to u = 15KT . . . . . . . . . . . . . . 58

4.9 plots showing the number of red beads and blue beads above the surface

for the system with the strength of aƩracƟons increases to u = 15KT ,

the concentraƟon of red beads increases in comparison to the systems

with u = 10KT and u = 5KT . . . . . . . . . . . . . . . . . . . . . . . . 58

4.10 Snapshot of simulaƟon, the last frame of the simulaƟon where the

strength of aƩracƟons between red beads and the surface is u = 5KT ,

and between red beads and themselves is u = 2KT , here blue beads

repulse each other with the strength of interacƟon u = 2KT . . . . . . . 59

4.11 Snapshot of simulaƟon, the last frame of the simulaƟon where the

strength of aƩracƟons between red beads and the surface is u = 10KT ,

and between red beads and themselves is u = 2KT . . . . . . . . . . . 60

4.12 Snapshot of simulaƟon, the last frame of the simulaƟon where the

strength of aƩracƟons between red beads and the surface is u = 15KT ,

and between red beads and themselves is u = 2KT . . . . . . . . . . . 60

4.13 Number of beads with respect to their z-distance from the surface, the

upper plot is for the system with the strength of aƩracƟons u = 10KT

between red beads and the surface, the lower plot is for the system with

this aƩracƟon of u = 15KT . . . . . . . . . . . . . . . . . . . . . . . . . 61

xv



4.14 Snapshots of two simulaƟons, the image in the leŌ is the last frame of

the simulaƟon where the strength of aƩracƟons between red beads and

the surface is u = 5KT , and between red beads and themselves is u =

5KT ; the image in the right side is the last frame of the simulaƟon with

where the strength of aƩracƟons between red beads and the surface is

u = 5KT , and between red beads and themselves is u = 5KT . The

repulsive interacƟons are u = 2KT . . . . . . . . . . . . . . . . . . . . . 62

4.15 plots showing the number of red beads and blue beads above the surface

for the 144-copolymer system with the strength of aƩracƟons increases

to u = 10KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.16 plots showing the number of red beads and blue beads above the surface

for the 144-copolymer system with the strength of aƩracƟons increases

to u = 15KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.17 Snapshots of a simulaƟon, a frame of relaxaƟon Ɵme (leŌ image), and the

last frame of the simulaƟon (right image) where 25% of each co=polymer

consists of red beads; the image in the right side is the last frame of the

simulaƟon where 75% of each co=polymer consists of red beads. The

strength of aƩracƟons is u = 5KT , and the strength of repulsive inter-

acƟons is u = 2KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.18 Snapshots of a simulaƟon, a frame of relaxaƟon Ɵme (leŌ image), and the

last frame of the simulaƟon (right image) where 75% of each co=polymer

consists of red beads. The strength of aƩracƟons is u = 5KT , and the

strength of repulsive interacƟons is u = 2KT . . . . . . . . . . . . . . . . 66

4.19 plots showing the number of red beads and blue beads above the surface,

the according system possesses co-polymer chains that 25% of each are

made of red beads. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

xvi



4.20 plots showing the number of red beads and blue beads above the surface,

the according system possesses co-polymer chains that 75% of each are

made of red beads. The strength of aƩracƟons is u = 5KT in the system. 67

4.21 Snapshots of two simulaƟons, the image in the leŌ is the last frame of the

simulaƟon where 25% of each chain is red; the image in the right side is

the last frame of the simulaƟon with where 75% of every chain consists

of red beads. The strength of aƩracƟons is u = 10KT , and the repulsive

interacƟon is u = 2KT for both of them. . . . . . . . . . . . . . . . . . 68

4.22 plots showing the number of red beads and blue beads above the surface,

the according system possesses co-polymer chains that 25% of each are

made of red beads. The strength of aƩracƟons is u = 10KT in the system. 68

4.23 plots showing the number of red beads and blue beads above the surface,

the according system possesses co-polymer chains that 75% of each are

made of red beads. The strength of aƩracƟons is u = 10KT in the system. 69

4.24 graph represenƟng the changes in the co-polymer brush through the pro-

cess, in this system, the number of chains is 256, the proporƟon of red

and blue beads in each co-polymer chain is one, and the strength of at-

tracƟons is u = 5KT , and the strength of repulsions is u = 2KT . . . . . 70

4.25 plot represenƟng the changes in the co-polymer brush for three systems

through the process; for all of them, the number of chains is 256, and

the proporƟon of red and blue beads in each co-polymer chain is one;

the strength of aƩracƟons varies from u = 5KT to u = 15KT . . . . . . 71

xvii



4.26 chart represenƟng the total number of loops created on the surface is 24.

The smallest loop has the length of 2 meaning that it consists of 4 beads

(two of them are aƩached to the surface), and it has the most frequency

among other lengths of loops. The largest loop has the length of 39 beads. 71

4.27 chart represenƟng the number of loops created on the surface according

to their length, the total number is 11 loops; themaximum length of loops

is 6, and the loops with the minimum length of 2 has the most frequency

in the system. In this system the strength of aƩracƟons is 10KT . . . . . . 72

4.28 chart represenƟng the number of loops created on the surface according

to their length; the total number of loops is 15; themaximumsize of loops

is 5, and the loops with the minimum length of 2 has the most frequency

in the system. In this system the strength of aƩracƟons is 15KT . . . . . . 72

4.29 Snapshots of the simulaƟon of tri-block co-polymers on the surface; A) a

frame of the simulaƟon aŌer the relaxaƟon Ɵme, B) the last frame of the

simulaƟon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.30 plots showing the number of red beads and blue beads above the surface 74

4.31 chart represenƟng the number of loops created on the surface according

to their length, the total number is 24 loops; themaximum length of loops

is 24, and the loopswith theminimum length of 2 has themost frequency

in the system. In this system the strength of aƩracƟons is 5KT . . . . . . 75

4.32 Snapshot of the simulaƟon of tri-block co-polymers on the surface; the

last frame of the simulaƟon of tri-block co-polymers on the surface, and

the strength of aƩracƟons increased to u = 10KT . . . . . . . . . . . . . 75

4.33 plots showing the number of red beads and blue beads above the surface;

u = 10KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

xviii



4.34 chart represenƟng the number of loops created on the surface according

to their length, the total number is 6 loops; the maximum length of loops

is 16, and the loopswith theminimum length of 2 has themost frequency

in the system. In this system the strength of aƩracƟons is 10KT . . . . . . 77

4.35 Snapshots of the simulaƟon of tri-block co-polymers on the surface; A)

a frame of the simulaƟon during the relaxaƟon Ɵme, B) a frame of the

simulaƟon aŌer the system is relaxed, C) the last frame of the simulaƟon 78

4.36 plots showing the number of red beads and blue beads above the surface;

u = 5KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.37 chart represenƟng the number of loops created on the surface according

to their length, the total number is 580 loops; the maximum length of

loops is 23, and the loops with the minimum length of 2 has the most

frequency in the system. In this system the strength of aƩracƟons is 5KT . 79

4.38 Snapshot of the simulaƟon of random co-polymers on the surface; the

last frame of the simulaƟon of random co-polymers on the surface, and

the strength of aƩracƟons increased to u = 10KT . . . . . . . . . . . . . 80

4.39 plots showing the number of red beads and blue beads above the surface;

u = 10KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.40 chart represenƟng the number of loops created on the surface accord-

ing to their length, the total number is 158 loops; the maximum length

of loops is 6, and the loops with the minimum length of 3 has the most

frequency in the system. The strength of aƩracƟons is 10KT . . . . . . . 81

4.41 35 Snapshots of the simulaƟon of homopolymers on the surface; A) a

frame of the simulaƟon during the relaxaƟon Ɵme, B) the last frame of

the simulaƟon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

xix



4.42 plot showing the number of red beads above the surface; the concen-

traƟon profile fluctuates in lower distances from the surface, then, the

paƩern looks a gaussian behavior in higher distances. The strength of

aƩracƟons is u = 5KT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.43 chart represenƟng the number of loops created on the surface according

to their length, the total number is 18 loops; themaximum length of loops

is 14, and the loops with the minimum length of 2,3, and 4 has the most

frequency in the system. The strength of aƩracƟons is 5KT . . . . . . . . 82

4.44 plot showing the number of red beads above the surface; the concen-

traƟon profile fluctuates in lower distances from the surface, then, the

paƩen reaches to a steady state and there is a peak in higher distances.

The strength of aƩracƟons is u = 10KT . . . . . . . . . . . . . . . . . . 83

4.45 chart represenƟng the number of loops created on the surface according

to their length, the total number is 7 loops; the maximum length of loops

is 3, and the loops with the minimum length of 2 has the most frequency

in the system. The strength of aƩracƟons is 10KT . . . . . . . . . . . . . 84

4.46 plots showing the number of red beads and blue beads above the surface

for the system consists of di-block copolymers; u = 5KT . . . . . . . . . 85

4.47 plots showing the number of red beads (leŌ) and blue beads (right) above

the surface for different strength of interacƟons . . . . . . . . . . . . . . 86

4.48 plots showing the number of red beads (leŌ) and blue beads (right) above

the surface for different strength of interacƟons in the system with tri-

block co-polymers; the profiles have similariƟes with the ones in the pre-

vious system (Figure 4.30) . . . . . . . . . . . . . . . . . . . . . . . . . 86

xx



4.49 plots showing the number of red beads (leŌ) and blue beads (right) above

the surface for different strength of interacƟons in the system with ran-

dom co-polymers; the profiles are different from the paƩerns in the pre-

vious system (Figure 4.36) in the way that most of the beads concentrate

near the surface, also no peaks is visible in the middle. . . . . . . . . . . 87

4.50 plots showing the number of red beads (leŌ) and blue beads (right) above

the surface for different strength of interacƟons in the system with alter-

naƟng co-polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.51 plots showing the number of red beads above the surface for different

strength of interacƟons for the system with homopolymers; when the

strength of aƩracƟons is 1KT , the profile is very much similar to the

previous system (Figure 4.42). However, when aƩracƟons increase, the

paƩern changes to sharp fluctuaƟons near the surface. The paƩerns are

sƟll similar to the previous system in terms of having the beads concen-

trated near the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

xxi



List of Tables

2.1 scaling parameters of a Koch curve . . . . . . . . . . . . . . . . . . . . . 30

xxii



1. IntroducƟon

We are living a life which is constructed of polymers. Anything that we touch in our sur-

roundings, such as glass and plasƟc products can be made up of polymers, and many

of the processes have something to do with these polymeric materials. They are all

around us in everyday use, from household items, such as water boƩles, toothpaste

tubes, clothes, children’s toys, and furniture to petroleum products some of which are

being used to drive our vehicles1.

Polymers are long molecules of repeaƟng subunits which are covalently bonded to

each other. The special structure polymers have offers them unique properƟes (e.g.,

flexibility, and high strength), and allow them to gain tremendous recogniƟon in differ-

ent fields of science and engineering. This, in turns, makes polymers appreciable in vari-

ous processes. As an example, polymers have found a special place in new generaƟon of

electronic measuring devices such as arƟficial sensors where they are targeted to imitate

natural sense organs67.

The way that polymers soluƟons behave in the proximity of a substrate and the prop-

erƟes that they exhibit at the interfaces have captured researchers’ curiosity to know

more about polymers world. Polymers show different properƟes when they adsorb to

a substrate which accompanies with a change in the composiƟon of a polymer soluƟon.

InvesƟgaƟng polymer adsorpƟon (where polymers aƩach to a surface) provides an op-

portunity to understand the arrangement and dynamic properƟes of polymers, also to

uƟlize the obtained knowledge to mimic the process for novel applicaƟons. Cell adhe-

sion68, DNAmicroarrays69, and surface paƩerning70 are just a few applicaƟons of polymer

adsorpƟon processes.

In this study, we focus on the adsorpƟon process of copolymers to invesƟgate different

aspects of the process. We used computaƟonal approaches to simulate the process, and
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examine various parameters which determine the outcomes of the adsorpƟon process.

Figure 1.1: An illustraƟon of polymers on a surface containing snapshots of different
polymer configuraƟons

The outline of the thesis is in this way: We provide a general view of polymers and the

process of adsorpƟon in chapter 2. In chapter 3, we describe themethods that brings the

set up and addresses the molecular dynamics simulaƟon as the approach to the study.

I, also, discusses the challenges faced during the research. In chapter 4, we concentrate

on the parameters whose measurements we seek for during this study. We start with

the profile expressing how the paƩern of monomers’ concentraƟon is near the surface

while adsorbing it. Then, we present how the height of co-polymers change during the

process. Subsequently, we illustrate that loops are created on the surface and measure

the number and length of them. Finally, in chapter 5, we summarize the outcomes and

conclude the thesis.
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2. Background

One of themagnificence of science is what it explored about the unity of the enƟreworld.

Studies demonstrated that the elementsmaking up our bodies, such as carbon and nitro-

gen atoms, are the ones that exist in the structure of stars in galaxies2–4. The discovery

of chemical abundance has raised human’s curiosity to seek for the connecƟon between

stars, cells, and how life began5,6. This undeniable fact staƟng the possibly same origin of

the whole universe makes us wonder if our knowledge of materials or natural processes

can shed light on similar processes being done in another side of the universe inacces-

sible to us. Accordingly, efforts to study the maƩers that exist in various places, first of

all, can provide a relaƟvely huge insight into structures and properƟes of those materi-

als also the processes in which the materials are involved. Secondly, the aƩempts can

increase an opportunity to acquire informaƟon about events and places where, due to

environmental condiƟons, far distances, etc., sampling for experimental research is im-

possible. Thus, through these studies, one can gain knowledge on features of a second

phenomenon by the means of studying the according processes and involved substances

even though the second is not accessible at the Ɵme.

We think polymers can be one of the fascinaƟng substances in this discussion. Poly-

mers have been discovered to be in different construcƟons from trees7, bacteria8,9, and

human genes to planetary objects. The solid part of plants, cellulose, is an organic poly-

mer consisƟng of glucose glycosidically10,11. Cellulose is the main component of wood

that is synthesized by plants and some bacteria and fungi12. This tough fiber not only aids

inmaintaining plant cell walls stable13 but also can be counted as a highly strong biomate-

rial applicable in other construcƟons. Cellulose synthesized by bacteria have also similar

arrangement as plant cellulose. However, they own some differences like water reten-

Ɵon properƟes which is superior in bacteria cellulose leading to its high crystallinity14.

Bacterial cellulose, as an example of natural polymers, play an integral role in keeping
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environmental condiƟons, such as aerobic condiƟon stable.1

Another group of naturally occurring polymers is proteins and DNA. The proteins that

we eat, andwhich a vast domain of our body is made of, are sequences ofmonomer units

named amino acids. Also, DNA is a longmolecule constructed of units called nucleoƟdes.

These sequence-defined polymers engage in a molecular dance when they are in charge

of orchestraƟng the storage and transfer of geneƟc informaƟon15. Their polymeric struc-

tures impact on their dramaƟc funcƟons. Thus, we can see easily that the role of these

polymeric materials in the existence of life cannot be neglectable.

A study illustrated that there is a ubiquitous sign of plasƟc, a polymer on Titan, the

largest satellite of Saturn. ScienƟsts claimed that what was discovered on Titan is not

polluƟon from the Earth, so it can be concluded that polymers can be produced and exist

in space. Using the Cassini Composite Infrared Spectrometer (CIRS), researchers detected

many new molecules including propane, propyne, and propene, all of which are from

polymers family, in different layers of Titan’s atmosphere16. Cassini’s projects brought

with it the first-ever discovery of polymers outside of Earth andmade researcherswonder

if polymers may exist everywhere. As this is quoted of Conor Nixon, the leader author of

the paper describing finding propene on Titan:

“This chemical is all around us in everyday life, strung together in long

chains to form a plasƟc called polypropylene. That plasƟc container at the

grocery store with the recycling code 5 on the boƩom – that’s polypropy-

lene.”

Studying structures and funcƟons of these polymers can help to figure out natural

processes in which they are involved. For example, determining the topology of plant

cellulose microfibrils is significant in understanding the architecture of plant cell walls

and the process of cellulose conversion into biofuels occurring in Nature13,17–19. This, in

turns, can give a clue to define the naƟve status of inaccessible construcƟons such as the
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Figure 2.1: Examples of textures where polymers can exist; A. Cell walls of plant leaf,
B. SEM image of bacterial cellulose pellicles, C. Texture of raw beef meat, D. Satellite of
Saturn

crust of satellites which has this polymeric material inside.

Through this chapter, we overview the history of polymers, structures and properƟes

of polymers and co-polymers. Also, we describe the adsorpƟon process, and the ways

that polymers can be modeled.

2.1. Historical review of polymer science

Human history has been always influenced by the availability of primarymaterials. Trans-

ferring from the eras of stone, bronze, and iron, history entered the polymer age in the

twenƟeth century20.

The iniƟal sign of uƟlizing polymers in human life goes back to caoutchouc, a type of

rubber, that comes from a rubber-tree plant. The large forest tree “Heveea Brasiliensis”,

the source of this natural rubber, grew in the southern equatorial region including coun-

tries in Africa, Asia, and South America. The name of the material was derived from its

use as an eraser, which was first introduced by Priestly in 1770. Humans used this rubber
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for many centuries without idenƟfying it as polymer20–22. By passing Ɵme, they under-

stood more about the nature of this material which resulted in improving the applicaƟon

of it during ages. An example is a discovery occurred in 1839. It was when the rubber

heated and, then, treated by other materials like sulfur. The process turned the rubber

into an elasƟc material that was capable of being dissolved in common solvent23.

The first polymers made by human were actually a modificaƟon of original versions

of natural polymers. The first man-made polymer, celluloid as it is usually called, was

derived from cellulosic materials (natural polymers) and was used for silent-movie film.

Then, the applicaƟon of this syntheƟc polymer became improved to a fire-proof cover for

aircraŌ wings during the world war24.

Nowadays, there are many syntheƟc polymers, which are uƟlized to create different

materials. The use of natural-polymer-based complex molecules has become a great ad-

vantage in different fields. A parƟcular example is what gets involved in industry. It has

been decades since polymer became the basis of significant goods in industry25. They

include the producƟon and improvement of food, drugs, and biotechnological items26.

One of the reasons that turned polymers the central of aƩenƟon in numerous applica-

Ɵons is their capability to self-assemble into nanostructures27,28. Various methods and

substances have been geƫng used to synthesize new generaƟon of polymers depending

on necessary characterisƟcs (e.g., flexibility, strength, durability). It is worth menƟoning

that the role of science in this breakthrough is not neglectable though out the history.

Among them, we can name the contribuƟon of Hermann Staudinger, a Nobel laureate

in chemistry, to polymer science, whose work brought a huge insight into the nature of

macromolecules29. Besides, Pierre-Gilles de Gennes who won the Nobel in 2000 for de-

veloping a theory of phase transiƟon in polymers, and John Fenn, Koichi Tanaka, and Kurt

Wüthrich, who developedmethods for analyzing biological macromolecules, are a few of

researchers whose work have had a great impact on polymer science.
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2.2. Microstructure of polymer

Polymers are a parƟcular class of macromolecules whose name emerges from their key

feature. The word Polymer built up of two disƟnct words “poly” and “mer” meaning

“many” and “part”. The merge of these twomeanings refers to long molecules with a lot

of sub-units (monomers), which are a set of repeaƟng chemical units connected to each

other like a chain by covalent bonds24. The way that monomers aƩach to each other and

the generaƟon of the whole structure of a polymer are determined by a process termed

as polymerizaƟon.

The procedures through polymerizaƟon dictates which monomer units are combined

to each other, how they are linked together, and how many units construct the final

polymeric structure. The chemical idenƟƟes of monomers and the type of bonds can

influence the physical and chemical properƟes of a polymeric system20. As a result, poly-

merizaƟon not only regulates the appearance of a polymer but also gives rise to specific

properƟes in the polymer. For instance, plant and bacterial cellulose as introduced ear-

lier are chemically idenƟcal, meaning the type of monomer units construcƟng the poly-

mers are the same. On the other hand, the number of units, which also refers as degree

of polymerizaƟon, is different in these two, ranging from 13000 to 14000 for plant cel-

lulose and 2000 to 6000 for bacterial cellulose30,31. Although celluloses synthesized by

plants and bacteria have similariƟes in term of their arrangements and properƟes, some

of their characterisƟcs, such as crystallinity, is far different. Unlike plant cellulose, bac-

terial cellulose is highly crystalized, which is not independent of the polymer’s degree of

polymerizaƟon.

Polymer’s microstructure is another determinisƟc factor in polymer’s properƟes that

shows how monomers are organized along a polymer. Microstructure can be accurately

determined by mulƟtude of techniques, such as x ray diffracƟon, and NMR spectroscopy.
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2.3. Fractal polymer conformaƟon- polymer macrostructure

Lawsof physics in thermodynamics candescribe the dynamical behaviors of polymers and

clarifies the reasons behind them. The descripƟon is possible when system reaches to an

equilibrium state. In this case, the system’s macroscopic properƟes like temperature,

pressure, etc. remain fixed. Here, microstates (fluctuaƟons) contribute to a macrostruc-

ture of the system whose features became stable. A single macrostructure can be at-

tributed to many different conformaƟons20.

ConformaƟon is defined as a spaƟal structure of a system that depends on the relaƟve

posiƟons of its components. For a polymer, conformaƟon is specified by the locaƟon of

its monomers, meaning howmonomers are distributed along the polymer aŌer reaching

to an equilibrium state. Polymers exhibit various conformaƟons from Ɵght coils to rigid

helical chains32.

Most of the polymer conformaƟons have two special characterisƟcs.

1. self-similarity (being fractal)33,34

2. belonging to universality classes35

Fractal is the term used for a system which has items similar to its whole structure. This

means if one zooms on a fractal system or a fractal object, she can observe that there

would be secƟons that has exactly the same geometric shape as thewhole system. In this

case, when the systemchanges (e.g., growth, distribuƟon, construcƟon), the repeƟƟonof

the process conƟnues to yield structures categorized at the same fashion at each stage36.

Fractal dimension is aƩributed to the system that is the logarithmic proporƟon of two of

its parameters. Fractal systems are characterized by their fractal dimensions. Besides,

they are categorized into the classes of systems whose fractal numbers are the same. An

example of fractal objects, or self-similar objects, is Koch curve (Table 2.1) which starts
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from a straight line, then, by each step of growth, the line gets divided into three equal

subunits. The fractal dimension of Koch curve is predicted by the followingmathemaƟcal

formula37.

b =ad

d =
log b
log a

Where d is fractal dimension, a and b are the end-to-end distance and number of line

secƟons and fragments, respecƟvely. Division of the magnitude of parameters (shown in

Table 2.1) results in d ≈ 1.26.

Table 2.1: scaling parameters of a Koch curve

n Koch curve a b

1 1 1

2 3 4

3 9 16

4 27 64

The significance of this parameter is that systems within one universality class (due

to the fact that they have the same fractal dimension) possess common features. This

means if A andB (two randomly chosen systems) are in the sameuniversality class, we can

figure out properƟes of A by the means of studying the properƟes of B. To illustrate the

statement, imagine, aŌer a series of measurements, it is found that fractal dimension of

Brownian moƟon of a molecule in a liquid is the same as fractal dimension of the paƩern

of a coastline (to be in one universality class). If a scaling property of the coast aimed

to be studied; however, measurements are not possible due to restricƟons (i.e., tectonic

acƟviƟes, erupƟons) researchers can take the paƩern of single-molecule moƟons in a

liquid to draw the paƩern of the coastline on a map meaning to study a geographical

map rather than the real coast.
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Like the examples menƟoned above, polymers are self-similar objects. When

monomers move along polymer chain, it looks like there exist smaller secƟons which

are similar to the enƟre polymer chain. There is a difference between polymers and the

menƟoned Various fractal dimension has been measured for different polymers. The

reported number for the fractal dimension of ideal linear polymer is d = 2.20

2.4. Polymeric substances

goes back to strong intermolecular forces between polymer units. An important point

is that polymers are not though of simply as solids. Their toughness classifies them as

amorphous or crystalline. The difference between these two structures is because of the

way that polymer units are linked to each other.

Polymeric liquid (e.g., white egg, chewing gum) how quite different dynamical behav-

iors than the usual liquids. It shows both viscosity and elasƟcity behavior. For example,

a chewing gum shrinks like rubber when it is stretched and then released. On the other

hand, it can fill a container like liquid water. This property, termed as viscoelasƟcity, is

one of the key features of polymeric liquids.

2.5. Polymer dynamics

Polymers are structurally flexible. However, monomers are covalently bonded to each

other. The reason behind the flexibility is a parƟcular freedom of rotaƟon exisƟng around

the bonds38. As a result, one can assume that the units construcƟng a polymer chain

adopt random walk conformaƟons39–41, meaning monomers start diffusing randomly

even if there is no net force acƟng on them. In some polymers (non-ideal polymers), the

dynamical behavior is accompanied by a self-avoiding random walk where the polymer
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ine solid. For example, cellulose (building blocks) is a natural type of solid polymers.   Solidity



does not tend to intersect itself.

2.6. Co-polymers

Co-polymers are the polymers which are build up two types of monomers. Owing to the

complexity of structure and property, co-polymers are grouped into mulƟtudes of cate-

gories. The classificaƟon of co-polymers consists of molecular architecture (e.g., linear,

and branched), order of monomers (e.g., block copolymer, and random copolymer), and

material properƟes (e.g., elastomer, and thermoset)71.

2.7. Co-polymers at interfaces

Polymers near interfaces reveal different properƟes in comparison to their bulk proper-

Ɵes. The most significant reason for this variety stems from the alteraƟon in the com-

posiƟon of a polymer soluƟon where there is a mixture of polymer and solvent near the

interface. Generally, an increase in concentraƟon of polymer soluƟon in the interfacial

region is called adsorpƟon.

2.8. Polymer adsorpƟon on surface

As already discussed, adsorpƟon is a process in which a material travel from the first

substance and interact with the second. If it gets adsorbed on a surface, meaning it exists

in a solvent in the vicinity of a surface, then it will adhere to the surface.

Surface-adsorpƟon of polymers is of fundamental importance in a wide range of tech-

nologies, ranging from adhesion to the stabilizaƟon and controlled flocculaƟon of col-

loidal dispersions72. Polymer adsorpƟon can occur through physisorpƟon or chemisorp-

Ɵon where interacƟons between the polymer units and the adsorbent are regulated by
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Accordingly, solvent is a deterministic factor in the adsorption process in the sense that 



interacƟons between solvent and polymer units govern the flow of the process73.

2.9. modeling polymers

ScienƟsts develop models and formulate testable hypotheses to understand polymers’

arrangement and dynamical behavior in soluƟon, based on the principles of polymer

erƟes of polymers, and the other is the interacƟons which defines how monomer units

are aƩached to each other, and how the interacƟons between non-bonded components

are. Based upon success in modeling processes like surface adsorpƟon of co-polymers

with molecule dynamics simulaƟons74, plus, the clarity that these simulaƟons follow, re-

searchers opt to uƟlize such an approach to predict the structure.

ScienƟsts develop models and formulate testable hypotheses to understand their

arrangement and dynamical behavior in soluƟon, based on the principles of polymer

physics.
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physics. Multitudes of strategies are utilized for modeling polymers from MD, to machine 

leaning methods. In modeling polymers two factors play a key role in simulations.

 One is the features chosen for monomer units which is proportional to most real prop-



3. Methodology

3.1. ConfiguraƟon

3.1.1 Surface design

To begin modeling surface-adsorpƟon of co-polymers, firstly, we required to design a

surface. To do so, we considered a group of beads of idenƟcal spheres that constructed a

the beads next to each other. The moƟvaƟon behind the selecƟon of FCC structure for

the surface is that the number of nearest neighbor atoms in this laƫce structure is the

maximum (the coordinaƟon number is 12)42. Thus, we can make sure there is the least

empty space in the surface. The thickness of the square surface (as shown in Figure3.1

A.) is equal to diameter of a single bead which is r = 0.5σ(≈ 1.7 nm), and the total

Figure 3.1: A representaƟve snapshot of the surface A) A perspecƟve view of the surface
showing the thickness it, B) A side view of the surface showing the surface area
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number of beads constructing the surface is 1681.

square layer. We chose a common crystal structure, FCC (face-centered cubic),to arrange



3.1.2 Di-block co-polymers design

As described in Chapter 2, there aremulƟtudes of architectures for co-polymers. We con-

fined them to linear co-polymers for our model because we wanted to consider possibly

the simplest and the most symmetric geometric shapes ignoring complex structures. In-

stead, we aimed to examine other factors influencing the adsorpƟon process, which will

be explained further. It is worth menƟoning that linear co-polymers are applicable for

modeling biological systems, as they were uƟlized in former works43. Thus, our model

can have implicaƟons in biological studies. Accordingly, we defined two groups of beads

(all the beads are idenƟcal spheres), which construct di-block co-polymers. The only dif-

ference that these two groups of beads have is the type of them. In each co-polymer,

the first half of beads are type-1, and the other half are type-2 which results in a di-block

co-polymer. We defined the posiƟons of beads in the way that co-polymers get placed

verƟcally near the surface (perpendicular to the area of the surface). A data file including

the informaƟon of all the beads (i.e., number, type, posiƟon in 3D space) was prepared.

We defined bonds between any two neighboring beads in each linear co-polymer whose

informaƟon was described in the data file (bonds will be explained in more details in fur-

ther secƟons). There are totally 256 co-polymer chains on the surface, each of which

consists of 100 beads.
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Figure 3.2: A snapshot of four co-polymer chains arranged on the surface; A piece of one
of the chains has been magnified to show the arrangement of beads along the chain.

Figure 3.3: A snapshot of the iniƟal configuraƟon of the model
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3.1.3 Replacing di-block co-polymers with other linear co-polymers

Beside di-block co-polymers, we are also interested in other polymer architectures. To

add co-polymer chains with different order of monomers, we uƟlized a quanƟty intro-

duced in former studies. This parameter aƩributes an idenƟty to every type of co-

polymers, which indicates how beads construcƟng a chain staƟsƟcally correlate with

each other. Firstly, the staƟsƟcs governing the co-polymers’ idenƟƟes (termed as chem-

model39. In this model, the propagaƟon of chemical idenƟƟes along a chain is regulated

by the propagators ρα1

α2
, which offers the probability that if a bead (in our model) has

chemical idenƟty α1 that the next bead will have chemical idenƟty α2. Then, for a two-

state system like co-polymers, the degree of chemical correlaƟon along a co-polymer

chain is governed by the following equaƟon44.

λ = ρA
A
+ ρB

B
− 1

where ρA
A
gives the probability of having a type-1 for the next bead if the first bead is

type-1, and ρB
B
shows the probability of having a bead with type-2 when the previous

bead is also type-2.

Accordingly, for a di-block co-polymer, the degree of chemical correlaƟon is λ = 0

since ρA
A
and ρB

B
are equal to 0.5 for a chain with a half containing type-1 beads and the

other half consisƟngof type-2 beads. Moreover, if there is a randomco-polymer,meaning

the order of beads along the chain does not obey any paƩern and is chosen randomly,

then for ρA
A
and ρB

B
there would be either of these two cases; ρA

A
is one and ρB

B
is zero,

or ρA
A
is zero and ρB

B
is one. This gives the degree of chemical correlaƟon λ = 0. For the

model of tri-block co-polymers, if the starƟng bead is type-1, then ρA
A
= 2/3 (two third

of the chain would have type-1 beads), and if the bead is type-2, then again there would

be ρB
B
= 2/3. This results in the degree of chemical correlaƟon λ = 1/3. If all the beads
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along a polymer chain are of the same type, then ρA
A
and rhoB

B
are one, which ends up

to λ = 1. This means the degree of chemical correlaƟon for homopolymers is λ = 1.

And finally, if there are not any two beads with the same type next to other along the

chain, then ρA
A
and ρB

B
are both equal to zero, which results in the degree of correlaƟon

λ = −1 for alternaƟng co-polymers. In this way, we subsƟtuted di-block co-polymers

with the other four linear hains (shown in Figure 3.4), and tested how degree of chemical

correlaƟon affects results.

Figure 3.4: An illustraƟon of five types of co-polymers according to the chemical corre-
laƟon parameter; A) homopolymer, B) Tri-block co-polymer, C) Di-block co-polymer, D)
AlternaƟng co-polymer, E) Random co-polymer

3.1.4 Co-polymers relaxaƟon

Although previously introduced model (figure 3.3) saƟsfied the condiƟon for surface-

adsorpƟon of co-polymers, co-polymer chains need to be relaxed before the beginning

of the process. This means, instead of having well-organized straight lines of co-polymer

chains, we need to have the beads giggling along the chains. As a result, we need to relax
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the co-polymers.

To do so, we ran simulaƟons with iniƟal configuraƟon by adding a term of interacƟons

between type-1 beads and the beads of surface, also having repulsions between other

components of the system. AƩracƟons and repulsions were appointed via fixing interac-

Ɵon distance threshold r = 2.5σ and r = 1.122σ distances below, respecƟvely, where

interacƟons start taking over according to Lennard-Jones potenƟal, which is governed by

the following equaƟon45,46.

4ϵ

[

(σ

r

)12

−

(σ

r

)6
]

Using 2×105 steps and a Ɵmestep of ∆t = 0.001τ , we couldmake the iniƟal configuraƟon

of co-polymers relax enough to start the main process. The chains are no longer fully

straight at the end of relaxaƟon Ɵme. (Figure 3.5)

Figure 3.5: A snapshot of the relaxed co-polymers
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3.1.5 AŌer relaxing the co-polymers

When the relaxaƟon Ɵme came to end, we would have a new data file including new

posiƟons of all the beads. Using the data file, we ran the second part of simulaƟons

which we expected to lead to the surface-adsorpƟon process. For this secƟon, we added

another term of interacƟons which is aƩracƟons between type-1 beads. Therefore, each

type-1 not only gets aƩracted by surface beads but also has interacƟon with other type-1

beads. This short-term interacƟon is also governed by Lennard-Jones potenƟal with the

interacƟon distance threshold r = 2.5σ.

Figure 3.6: A snapshot of the configuraƟon aŌer the relaxaƟon Ɵme

3.2. Analyzing simulaƟon file

3.2.1 ConcentraƟon profile

Following our simulaƟons’ runs, we aimed to analyze the simulaƟon results to invesƟgate

the adsorpƟon process of co-polymers. The output of each of our simulaƟons is a dump
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file which contains all the posiƟons of all the beads in three-dimensional space at each

simulaƟon Ɵme. Using visualizaƟon tools such as OVITO and VMD, we can access the

visual inspecƟon of dump files. These 3D visualizaƟon soŌwares allow the user to watch

simulaƟons as movies. Therefore, each frame of the video reflects a specific Ɵmestep,

and the evoluƟon of the system can be analyzed.

Even though this approach gives a relaƟvely comprehensive view of simulaƟons, it

only provides the qualitaƟve aspects of the process. An appropriate approach to study

and analyze the process quanƟtaƟvely is uƟlizing computaƟonal tools. Reading a dump

file (containing the posiƟons of all the beads), our program separates the informaƟon

of each bead into 2D arrays where one dimension contains the bead IDs and the other

contains their types and posiƟons. Then, the program counts the beads within specific

distances above the surface. Finally, paƩerns of beads’ concentraƟon above the surface

are ploƩed.

3.2.2 Curve fiƫng the concentraƟon profile graphs

Among beads concentraƟon profile graphs, we saw gaussian and exponenƟally decays.

Thus, we decided to fit an appropriate graph for each data. Accordingly, we used the

Python SciPy library opƟmize module for the fiƫng, and derive the coefficients of gaus-

sian and exponenƟal distribuƟon funcƟons.

3.2.3 CalculaƟng volume fracƟon

Volume fracƟon refers to the occupied volume of polymers per unit volume of soluƟon

or bulk. We calculated volume fracƟon of each configuraƟon of the following equaƟon.

φ =
n× v

V
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Where φ, a unitless quanƟty, is the volume of fracƟon, n is the number of beads of poly-

mers, v and V are the volume of a bead and soluƟon (or bulk), respecƟvely.

3.2.4 Measuring height of brushes

Polymer brushes forms when polymers are Ɵed at one end to a substrate. These poly-

meric assemblies are applicable in different fields like nanolithography, drug delivery,

and so on.

Our program first reads the dump file similar to the concentraƟon profile secƟon.

Then, it calculates the verƟcal distance between the first and the last type-2 beads of

each chain. Next, it averages this quanƟty for all the chains in each Ɵmestep. Finally,

plot the graph of the calculated height within Ɵme interval. Accordingly, the plots show

the changes of co-polymers brush through the simulated process.

Figure 3.7: A scheme represenƟng co-polymer brushes
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3.2.5 QuanƟfying loop formaƟons

Polymer looping absorbed a significant aƩenƟon parƟcularly in biological sciences. Loops

appear in biopolymerswhere they have a great impact on biological processes. For exam-

ple, gene regulaƟon in living cells highly dependent on DNA (a long bio-polymer) looping.

The interacƟon betweenDNA-bond protein and a target site on the sameDNA takes place

more frequently on loop regions which results in accelerated enzyme reacƟon rates47–49.

Moreover, the looping of proteins, which are the polymers of amino acids, plays a central

role in protein folding. The places where the loops occur are the binding sites of other

molecules50.

We aimed to look for possible loops formed on the surface and characterize their sizes.

The approaches beganwith reading the output file by our program. StarƟng from the first

bead in data file, our program finds the first index of beads with the verƟcal distance of

d ≤ 0.5σ from the surface. Then, the program counts the number of beads whose ver-

Ɵcal distance from the surface is d > 0.5σ. The procedure will conƟnue Ɵll the counted

bead has d ≤ 0.5σ. The number of counted beads is the size of the corresponding loop.

Figure 3.8: A scheme represenƟng loop formaƟon on the surface
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3.2.6 Finding knots

Knots are complex structures that can be created in entangled systems. Like polymer

looping, knoƫng may occur in polymers such as folded proteins51. Molecular chains fold

into proteins and genes like the way that a rope gets Ɵed into a knot.

We tried to search for possible knots along the co-polymer chains of our simulaƟons.

To do so, we considered the simplest knot termed as Trefoil knot (Figure 3.9). Our pro-

gram plots the coordinates of the beads of each chain separately. Then, the program

searches for two condiƟons. The first is to find any two pairs of beads along a single chain

whose z-components are approximately the same (repeated for other components). Sec-

ond, if the first bead of the first pair has a larger distance from the origin of coordinate

system, then the first bead of the second pair should have a smaller distance of the origin.

MeeƟng both condiƟons is the sign of the existence of a knot along the chain. Unfortu-

nately, we did not find any beads saƟsfying the condiƟon. The defect of our approach

may be due to projecƟng a knot in a parƟcular direcƟon. Another idea could be that the

length of co-polymer chains did not fulfill the situaƟon of knot formaƟon.

Figure 3.9: A scheme represenƟng a Trefoil knot along a chain

44



3.3. SimulaƟon model

To simulate surface adsorpƟon of co-polymers, we employed bead spring model, first

introduced by Grest and co-workers52–56, for co-polymers in implicit solvent condiƟons.

Our systemconsists of a square shaped surface and256 idenƟcal linear co-polymers. Each

co-polymer consists of 100monomer units, which are counted as beads in themodel. The

co-polymers are formed by idenƟcal beads which are spheres with the mass of m = 1

in Lennard Jones units and the size of r = 0.5σ(≈ 1.7 nm). There is a fixed surface

located near the co-polymers. It is made of a layer of beads with the same size as the

co-polymers’, and the width and the length of it are 40σ(≈ 136nm). Also, it is 0.5σ high

which is equal to the diameter of a single bead. A cubic simulaƟon box is considered with

periodic boundary condiƟon and with the dimension of 46× 46× 101σ3.

Co-polymers are placed verƟcally on the surface. The nearest bead to the surface is

2σ above the surface, and neighboring beads in every co-polymer chain are 0.86σ distant

from each other.

3.3.1 non-bonded interacƟons

In our system, interacƟons between components get divided into two categories, non-

bonded interacƟons and bonded interacƟons. Non-bonded interacƟons, which are de-

rived by a composite potenƟal formulated by Steinhauser57, operate between all pairs of

beads. For this term, we employed shiŌed Lennard Jones potenƟal58. The intended L J

potenƟal is governed by

V (r) =















5 u
[

(

σ

r

)12
−
(

σ

r

)6
+ vs

]

r ≤ rc

0 r > rc

We defined interacƟons between the first 50 beads of every co-polymer nearest to the

surface and the surface beads as aƩracƟve interacƟons. Here, cut-off distance is set to
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= 2.5σ, and shiŌ factor is v = 0. The interacƟons operate between these 50 beads,

named as type-1, is also aƩracƟons.

On the other hand, for the second 50 beads of each co-polymer, we set the cut-off

distance to c = 21/6σ, and the shiŌ factor to v = 1/4 for creaƟng repulsive interacƟon

condiƟons. These beads are referred to type-2 beads. Besides, beads construcƟng the

layered surface are tagged as type-3. While the type-3 group (surface beads) aƩract or

repulse type-1 and type-2 beads, we need them to stay in their primary posiƟon. As a

result, we excluded the forces acƟng on type-3 beads to have the surface unmodified.

3.3.2 Covalent bonds

In our model, 100 beads forming every co-polymer are connected to each other using a

non-linear finitely extensible FENE potenƟal52. The potenƟal is regulated by the following

equaƟon.

VFENE(r) =
1

2
kR0

2 ln
(

1−
r2

R0
2

)

Here k is a spring constant, R0 is the maximum possible bead-bead separaƟon, and r is

the bond distance. We tookR0 = 1.5σ, and k = 30ε/σ2, where σ and ε are distance and

energy parameters, respecƟvely. The above equaƟon provides the bond distance b = σ.

3.3.3 Angles

The signature characterisƟc of polymers is flexibility. To add this property to the co-

polymers of our model, we employed another term of interacƟons which is created by

a harmonic bending potenƟal. The bending potenƟal makes beads have more degrees

of freedommodifying the angle between three consecuƟve beads of a co-polymer chain

while moving around. The bending potenƟal is formulated by the following equaƟon to
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model semi-flexibility of co-polymers.

V =
1

2
kθ (θ − θ0)

2

Where the spring constant is kθ = 2ε/rad2, and the iniƟal angle between three consec-

uƟve beads is θ0 = π.

We carried out all the simulaƟons using the LAMMPS MD package59. The simulaƟon

boxes are maintained at constant temperature constant volume ... .

We used OVITO and VMD60,61 for visualizaƟons, also Python NumPy, Python Pandas,

and Matplotlib packages62–64 for analyzing data and measuring parameters.

3.3.4 Thermodynamic stabilizaƟon

Using staƟsƟcal ensembles, we set the thermodynamic condiƟon of the systems to have

a fixed absolute temperature. we kept the temperature constant via a thermostat coef-

ficient of γ = 0.5τ−1 with Langevin thermostat style.

3.3.5 An alternaƟve model for co-polymers

One of the fascinaƟng porƟons of solving problems from physics perspecƟve is to view

systems from various frames of reference65,66. The aim is to compare possible results

derived from each reference and compare them to find out how comparable they are.

Addressing a quesƟon requires us to know two properƟes of components involved in

the quesƟon, posiƟon and momentum. The first characterisƟcs allows us to discover lo-

caƟons of parƟcles, and the second lets us know what instant velociƟes of the parƟcles

are. Accordingly, we will be able to find the track of parƟcles by the use of mathemaƟcal

expressions. Using mathemaƟcal equaƟons which formulates the dynamics of parƟcles,
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we can study behavior of the corresponding system. Accordingly, posiƟon and momen-

tum are the two criteria enough to know revoluƟon of a dynamic system. Following the

paƩern ofmomentum (mass Ɵmes velocity) is the key to understand if any external forces

are acƟng on the system. RevoluƟon of a system can be described by interacƟons (exter-

nal forces) between any pairs of components.

A reference frame is necessary to begin solving a quesƟon in physics. In this way,

factors like posiƟons, velociƟes, and forces are defined regarding the reference frame

called iniƟal reference frame. SubsƟtuƟng the iniƟal frame with other frames may alter

the factors; therefore, it can change the outcomes describing the behavior of the physical

system. Howeverwhat science expects to occur is that consequences stay the samewhile

solving the quesƟon from different frames’ point of view. An example for this claim is the

moƟon of a ball thrown in the air verƟcally. Taking the ground, the ball, or another planet

moving in terms of the earth as a reference frame results in non-idenƟcal outcomes.

Figure 3.10: An illustraƟon showing various reference frames

Rather than selecƟng a reference frame for a system, iniƟal condiƟons is also decisive

to determine final state of a system through its revoluƟon. We aƩempted to consider

two iniƟal condiƟons, one of which was described above, and analyze and compare the

results with each other.
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We opted for horizontal co-polymers placed on the surface, whose monomers are

randomly distributed along the chain. Here we started with locaƟng the first bead

(monomer) on the surface, then mulƟplied the posiƟon of the bead with tan(θ), where

0 ≤ θ ≤ π is the angle selected randomly for the next bead. Each co-polymer consists

of 100 beads just like our previous model. When co-polymers filled a layer of surface,

we added new chains on top of them and constructed a layered structure of co-polymers

near the surface. There are approximately 17-20 co-polymer chains in every layer, and

the number of layers is 4. Seƫng up chains in the model caused some restricƟons re-

garding long bond distances and chains movements next to each other; thus, we chose

the total number of co-polymers as 70 which is less than the number of chains in our pre-

vious model. Accordingly, we reduced the size of the surface to 52× 41× 101σ3 to make

the proporƟon between number of chains and surface area approximately the same in

both of our models.

Figure 3.11: A snapshot showing two co-polymers are distributed randomly on the sur-
face
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Figure 3.12: A snapshot showing the configuraƟon of the second model
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4. Results and discussion

In this chapter, simulaƟng achievements for surface-adsorpƟon of copolymers are quali-

taƟvely shown. Simultaneously, intended parameters are measured for every configura-

Ɵon using the data extracted from simulaƟons. Moreover, the quanƟtaƟve results are uƟ-

lized to characterize specific configuraƟons based on mulƟtude of factors (e.g., strength

of interacƟon, co-polymer populaƟon). Furthermore, it is tested how co-polymers ar-

rangement and chemical correlaƟon of co-polymers influence the adsorpƟon process,

and parameters are quanƟzed for each of the systems.

4.1. Surface-adsorpƟon of di-block co-polymers

Our primary goal is to simulate and observe the adsorpƟon of di-block co-polymers on a

surface. As previously described, in our iniƟal configuraƟon, there are 256 verƟcal iden-

Ɵcal di-block co-polymers which are linear chains consisƟng of a hundred of beads. Half

of each chain contains type-1 beads (illustrated in red color), and the other half are built

of type-2 beads (illustrated in blue colored). Compared to blue beads, red beads are in

the less distance from the surface. Firstly, co-polymers are relaxed for 2× 105 steps with

a Ɵmestep of ∆t = 0.001τ , where surface aƩracts red beads (type-1) with the weekly

aƩracƟon interacƟon usb = 5kT , and the interacƟons between the other elements are

repulsive ubb = usb = 2kT . Then, aƩracƟons between red beads, usb = 5kT are added

to the interacƟons, and the simulated process lasts for 5 × 106 steps with ∆t = 0.002τ

Ɵmestep.

Our MD simulaƟons (snapshot in Figure 4.1) illustrates how co-polymers get aƩracted

on the surface, where red beds come to the vicinity of the surface and some of them

aƩach to it, also the height of blue beads decrease and they get distributed near the

surface on top of a thick layer of blue beads. Even though we cannot claim that the
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simulaƟons present the adsorpƟonprocess perfectly, we canqualitaƟvely observe several

features.

The area of the surface is filled with red beads linked to it, and the other red beads

gather on this layer making a red huge mass on the surface. Although iniƟally the square

surface and the co-polymer chains build a symmetrical geometry, the aggregaƟon of red

beads on the surface does not contribute to a 3D cube-like shape. It is more like half of a

cylinder on middle of the surface (Figure 4.1). Blue beads pile up on top of the red area,

and the ones farther from the surface are more vibrant shaking around.

Figure 4.1: Snapshots of the simulaƟon; A) a frame of the simulaƟon aŌer the relaxaƟon
Ɵme, B) the last frame of the simulaƟon

To analyze how parƟcles are distributed above the surface, we wanted to plot bead

concentraƟon profile which shows the density of beads with respect to their verƟcal dis-

tance from the surface.

Figure 4.2 is the plot showing the distribuƟon of beads including red and blue beads

above the surface. To obtain a solid view and to quanƟfy the graphs, we plot the funcƟons

52



corresponding to the number of red beads and the number of blue beads (Figure 4.3).

Moreover, we calculated the mathemaƟcal equaƟons of each funcƟon.

The green graph represenƟng the total number of di-block co-polymers with respect

to their verƟcal distance from the surface indicates some fluctuaƟons in the distribuƟon

paƩern. This can accord with the natural behavior of parƟcles, meaning the existence of

fluctuaƟons before reaching to stable states.

The exponenƟal (a× exp(−b× x) + c) and gaussian (a× exp(−(x− x0)
2/(2× σ2))

funcƟons obey the equaƟons of 324.25×exp(−0.08×x)−21.07, and 114.67×exp(−(x−

18.68)2/(2× 9.352)), respecƟvely.

Figure 4.2: Number of beads with respect to their z-distance from the surface. Here, the
red graph, the blue graph, and the green graph represent the number of red beads, the
blue beads, and the total number of beads (red and blue beads), respecƟvely.
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Figure 4.3: plots showing the number of red beads and blue beads above the surface,
the curves fiƩed on the paƩern of beads are exponenƟal and gaussian funcƟons for red
and blue beads, respecƟvely.

4.2. The effect of strength of interacƟons on adsorpƟon process

As previously menƟoned, we definedweak interacƟons between any non-bonded beads.

In this secƟon, we wanted to modify the strength of these interacƟons to examine how

they influence the process. Accordingly, we changed usb = 5 kT , which is aƩracƟons

between red beads and surface beads, to usb = 3 kT , usb = 10 kT , and usb = 15 kT .

Then, for each of the new systems, we kept the repulsions between other beads the same

as the previous secƟon ubb = usb = 2 kT .

When the aƩracƟons change to 3KT, co-polymers do not get closer to the surface, but

they go up distributed at higher distances from the surface (Figure 4.4). Therefore, the

interacƟons are not strong enough to accumulate beads near the surface and to adsorb
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the co-polymers on the surface. For configuraƟons with the strength of aƩracƟons of

10KT, red beads gather on the surface and blue beads get closer to the surface distributed

on top of the red beads (Figure 4.5).

Figure 4.4: Snapshot of the simulaƟon. The aƩracƟon between surface and red beads
is u = 3KT , and co-polymers are not adsorbed on the surface. Red beads aƩract each
other with the strength interacƟon of u = 3KT and make a red cylinder above the
surface, and blue beads, which repulse each other with the strength of interacƟon u =
2KT , gather around the red cylindrical shape.

Figure 4.5: Snapshot of simulaƟon, the last frame of the simulaƟonwhere the strength of
aƩracƟons between red beads and the surface, and between red beads with themselves
are u = 10KT , and blue beads repulse each other with the strength of interacƟon u =
2KT .
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We analyzed the concentraƟon profile of beads in this system and obtain the paƩerns

of beads distribuƟon. In this system, the concentraƟon of red beads is denser than the

previous one near the surface, meaning the increased strength of aƩracƟons (here it is

doubled) leads to the more concentraƟon of beads near the surface.

The exponenƟal funcƟon corresponding to red beads is 329.38 × exp(−0.09 × x) −

20.58, and the equaƟon represented the distribuƟon of blue beads is 116.92×exp(−(x−

19.06)2/(2× 9.142)).

Figure 4.6: Number of beads with respect to their z-distance from the surface for the
above system
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Figure 4.7: plots showing the number of red beads and blue beads above the surface,
the curves fiƩed on the paƩern of beads are exponenƟal and gaussian funcƟons for red
and blue beads, respecƟvely.

A similar scenario happens when the strength of aƩracƟons modified from u = 5KT

to u = 15KT . In this system, the number of red beads increases on the surface (Figure

4.8, Figure 4.9). The fiƫng funcƟons are 351.61×exp(−0.09×x)−19.10, and 118.44×

exp(−(x − 18.63)2/(2 × 9.0312)) for the concentraƟon of red beads and blue beads,

respecƟvely.

In all the three systems, the curves corresponding to red beads are exponenƟal and

the curves corresponding to blue beads are gaussian funcƟons. However, the values for

the parameters in each funcƟon is different from others. The variaƟons aremore obvious

between the strength of interacƟons with u = 5KT and u = 10KT also between u =

5KT and u = 15KT . The differences in parameters can be neglectable for the systems

with the strength of interacƟon u = 10KT and u = 15KT .
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Figure 4.8: Number of beads with respect to their z-distance from the surface when
strength of aƩracƟons increases to u = 15KT

Figure 4.9: plots showing the number of red beads and blue beads above the surface for
the system with the strength of aƩracƟons increases to u = 15KT , the concentraƟon of
red beads increases in comparison to the systems with u = 10KT and u = 5KT .

We also examined how the strength of aƩracƟons between red beads can affect co-

polymer adsorpƟon. Accordingly, we changed the aƩracƟon from u = 5KT , and u =

10KT , and u = 15KT to u = 2KT . In the system with the aƩracƟons of u = 5KT

between red beads and the surface and the strength of aƩracƟon u = 2KT between red

beads, there would be some red beads which do not get near the surface at the end of

the simulaƟon. However, they make mulƟtude of clusters and spread above the surface.

As it is shown in Figure 4.10, co-polymers are not absorbed to the surface.
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Figure 4.10: Snapshot of simulaƟon, the last frame of the simulaƟon where the strength
of aƩracƟons between red beads and the surface is u = 5KT , and between red beads
and themselves is u = 2KT , here blue beads repulse each other with the strength of
interacƟon u = 2KT .

For the systems with the strength of aƩracƟons between red beads and the surface

are u = 10KT and u = 15KT where the aƩracƟon between red beads is u = 2KT ,

we have all the red part of the co-polymers near the surface, and the blue beads on

top of them. In Figure 4.11 and Figure 4.12, the last frame of the according simulaƟons

has been shown. Besides, the concentraƟon profile of beads has been ploƩed in Figure

4.13. As it was expected, the populaƟon of red beads close to the surface is more in the

system with stronger aƩracƟons between the surface and red beads. In both systems,

the strength of repulsions as well as the strength of aƩracƟons between red beads are

the same. However, the only difference is the aƩracƟons between the surface beads and

the red beads.
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Figure 4.11: Snapshot of simulaƟon, the last frame of the simulaƟon where the strength
of aƩracƟons between red beads and the surface is u = 10KT , and between red beads
and themselves is u = 2KT

Figure 4.12: Snapshot of simulaƟon, the last frame of the simulaƟon where the strength
of aƩracƟons between red beads and the surface is u = 15KT , and between red beads
and themselves is u = 2KT
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Figure 4.13: Number of beadswith respect to their z-distance from the surface, the upper
plot is for the system with the strength of aƩracƟons u = 10KT between red beads and
the surface, the lower plot is for the system with this aƩracƟon of u = 15KT .

The value of parameters of exponenƟal and gaussian fiƫng curves (for red beads

and blue beads, respecƟvely) for the systems are as follows. For the system with

the aƩracƟons of u = 10KT , we have 394.68 × exp(−0.11 × x) − 18.27, and

130.95 × exp(−(x − 18.30)2/(2 × 8.182)). Also, for the case of u = 15KT , they are

400.54× exp(−0.11× x)− 17.92, and 131.69× exp(−(x− 18.19)2/(2× 8.142)). The

variaƟons of parameters are very small for the two systems.

Compared to the systemswhere the strength of aƩracƟons between red beads are the

same as the aƩracƟons between the surface and red beads, in these systems (aƩracƟons
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between red beads decreased to u = 2KT ) more red beads assemble near the surface.

4.3. The effect of number of co-polymers on adsorpƟon process

To examine how the populaƟon of beads of the whole system alter adsorpƟon process,

we uƟlized another system in which the number of co-polymers decrease from 256 to

144. Except for the number of chains, all the features regarding the di-block co-polymers

in both systems are the same. Also, we kept the volume fracƟon (menƟoned in chapter

3) approximately idenƟcal for the two systems, which is 7%. For this secƟon, we stayed

with the same strengths of interacƟons, which are u = 5KT and u = 10KT for the

aƩracƟons between red beads and the surface. The strength of repulsions is u = 2KT ,

and aƩracƟons between red beads is u = 5KT and u = 10KT for the first and the

second systems, respecƟvely.

Figure 4.14: Snapshots of two simulaƟons, the image in the leŌ is the last frame of the
simulaƟon where the strength of aƩracƟons between red beads and the surface is u =
5KT , and between red beads and themselves is u = 5KT ; the image in the right side
is the last frame of the simulaƟon with where the strength of aƩracƟons between red
beads and the surface is u = 5KT , and between red beads and themselves is u = 5KT .
The repulsive interacƟons are u = 2KT .

62



As it is shown in Figure 4.14, red beads gather on the surface, and blue beads are

distributed on top of the region like the systemswith 256 co-polymer chains and the same

interacƟons. However, the red mass built on the surface does not have a well-organized

shape (like the system with 256 chains in the previous secƟon), and it is like blue beads

penetrate the region. We obtained the concentraƟon profile of beads for the systems

(Figure 4.15 and Figure 4.16). Both of the red and blue graphs have similar paƩerns to

the previous systems’, but there are some deviaƟons in the paƩerns that makes them

different from the previous graphs (as it is shown in Figure 4.15 and 4.16). The curves fit

on the graphs are sƟll exponenƟal and gaussian.

The curves are 184.83×exp(−0.08×x)−13.42 for red beads, and 67.20×exp(−(x−

21.72)2/(2 × −8.992)) for blue beads in the system with u = 5KT . Besides, for the

system with u = 10KT , the curves obey the same funcƟons as 188.59 × exp(−0.08 ×

x)− 12.96 for red beads, and 68.47× exp(−(x− 21.37)2/(2×−8.842)) for blue beads.

Figure 4.15: plots showing the number of red beads and blue beads above the surface
for the 144-copolymer system with the strength of aƩracƟons increases to u = 10KT
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Figure 4.16: plots showing the number of red beads and blue beads above the surface
for the 144-copolymer system with the strength of aƩracƟons increases to u = 15KT

4.4. The effect of proporƟon of different beads in a co-polymer on ad-

sorpƟon process

To examine how various percentages of red and blue beads along co-polymers can affect

the adsorpƟon process, we considered three organizaƟon of di-block co-polymers where

red beads construct 25%, 50%, and 75%of each chain. The configuraƟons thatwe studied

Ɵll now have the co-polymers 50% of whom were consists of red beads (50 beads out of

100 beads). In this secƟon, we added the co-polymers each with 25 red beads and 75

blue beads, and also with 75 red beads and the rest blue beads. The total number of

chains remains 256 for all the systems.

As it is shown in Figure 4.17, when the percentage of red beads is 25, then, all the

beads do not assemble on the surface. On the other hand, the aƩracƟons acƟng among

red beads cause them tomake clusters of red beads which aremoving above the surface.
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Moreover, the height of co-polymers does not decrease like the previous di-block co-

polymers (chains with 50% red beads). This does not happen for the system with 75%

of the structure of each chain made up of red beads. Here, co-polymers shrink on the

surface. Red beads gather on the surface and build a red construcƟon, and blue beads

move on top of the area (Figure 4.18). To analyze the process beƩer, the concentraƟon

profile of beads was ploƩed. The paƩern of the number of beads is far different for the

systemwith 25% red beads in comparison to the previous system (with 50% red beds) as it

is expected (Figure 4.19). The results for the systemwith 75%blue beads are sƟll different

from the previous system, but it has similariƟes with it (Figure 4.20). Here, red beads are

concentrated near the surface; however, their profile does not obey exponenƟal funcƟon.

Blue beads are also similar to the blue beads’ profile in the previous system. From the

results, one can claim that as the percentage of red beads (the beads that are aƩracted by

the surface) goes up, the dynamical behavior of the system seems more like the system

with di-block co-polymers consists of the same number of red beads and blue beads.

When the percentage of red beads decreases, it is more like that some red beads can

scape from the surface. Therefore, the would not be adsorbed on the surface.

Figure 4.17: Snapshots of a simulaƟon, a frame of relaxaƟon Ɵme (leŌ image), and the
last frame of the simulaƟon (right image) where 25% of each co=polymer consists of red
beads; the image in the right side is the last frame of the simulaƟon where 75% of each
co=polymer consists of red beads. The strength of aƩracƟons is u = 5KT , and the
strength of repulsive interacƟons is u = 2KT .
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Figure 4.18: Snapshots of a simulaƟon, a frame of relaxaƟon Ɵme (leŌ image), and the
last frame of the simulaƟon (right image) where 75% of each co=polymer consists of red
beads. The strength of aƩracƟons is u = 5KT , and the strength of repulsive interacƟons
is u = 2KT .

Figure 4.19: plots showing the number of red beads and blue beads above the surface,
the according system possesses co-polymer chains that 25% of each are made of red
beads.
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Figure 4.20: plots showing the number of red beads and blue beads above the surface,
the according system possesses co-polymer chains that 75% of each are made of red
beads. The strength of aƩracƟons is u = 5KT in the system.

Furthermore, we replicated the two above systems with the stronger interacƟons,

which are the strength of aƩracƟons u = 10KT . Unlike the previous system where in-

teracƟons were weaker, for this case, the co-polymers that 25% of their beads are in red

get assemble on the surface. In addiƟon, for both the red and blue concentraƟon pro-

file, we could fit approximate curves which are exponenƟal and gaussian funcƟons. In

the configuraƟon, where 75% each co-polymer consists of red beads, we sƟll have all the

red beads on the surface like the previous system. As it is shown in Figure 4.21, the only

contrast between this system and the previous one with weaker aƩracƟons is that the

topology of the redmass built on the surface is different from the previous case (in Figure

4.18, image in the leŌ side). As a result, the concentraƟon profile for red and blue beads

appears different (Figure 4.23). The paƩern of blue beads obeys a gaussian funcƟon.
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Figure 4.21: Snapshots of two simulaƟons, the image in the leŌ is the last frame of the
simulaƟon where 25% of each chain is red; the image in the right side is the last frame
of the simulaƟon with where 75% of every chain consists of red beads. The strength of
aƩracƟons is u = 10KT , and the repulsive interacƟon is u = 2KT for both of them.

Figure 4.22: plots showing the number of red beads and blue beads above the surface,
the according system possesses co-polymer chains that 25% of each are made of red
beads. The strength of aƩracƟons is u = 10KT in the system.
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Figure 4.23: plots showing the number of red beads and blue beads above the surface,
the according system possesses co-polymer chains that 75% of each are made of red
beads. The strength of aƩracƟons is u = 10KT in the system.

4.5. Co-polymer brush

As already described, polymer brushes are special structures of polymer chains which are

tethered to another object like a surface or another chain. In this secƟon, we wanted to

measure the height of co-polymer brushes created above the surface. As it is expected,

the red part of co-polymers assembles near the surface making a red layer on it, and the

blue beads are located on top of this layer jiggling around. In this way, they can make

brushes of the co-polymers above the surface. InvesƟgaƟng the changes in the brushes

can shed more light on the aspects of surface-adsorpƟon process.

We, first, quanƟfied the height of brush in the system with the co-polymers (a half

of each copolymer have 50 red beads, and the other are blue beads) that are aƩracted

by the surface with u = 5KT (the first configuraƟon in result secƟon). As the number
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of frames obtained from the simulaƟons exceeds 400 frames, we ignore some of them

which are in the first 20% of the simulaƟons. As it is shown in Figure 4.24, the height of

co-polymer brush, which is defined as the blue part of the chains shaking around, starts

from 25σwhen the system is relaxed. Then, it begins to decrease Ɵll it reaches to a steady

state which is 15σ.

Figure 4.24: graph represenƟng the changes in the co-polymer brush through the pro-
cess, in this system, the number of chains is 256, the proporƟon of red and blue beads
in each co-polymer chain is one, and the strength of aƩracƟons is u = 5KT , and the
strength of repulsions is u = 2KT .

In addiƟon, we compared the height of brushes in three systems with different

strengths of aƩracƟons. To do so, we picked up the last 20% of the simulaƟon frames. As

it is shown in Figure 4.25, the average height of the brush decreases when the strength

of interacƟons goes up.
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Figure 4.25: plot represenƟng the changes in the co-polymer brush for three systems
through the process; for all of them, the number of chains is 256, and the proporƟon of
red and blue beads in each co-polymer chain is one; the strength of aƩracƟons varies
from u = 5KT to u = 15KT .

4.6. Loop formaƟon

Whenpolymers aƩach to a surface, they can form loops on the surface. In this secƟon, we

quanƟfied the number of loops and the lengths of them. Firstly, we consider the systems

with 256 co-polymers. Figure 4.24 shows the frequency of loops when the strength of

aƩracƟons between the surface and red beads is u = 5KT .

Figure 4.26: chart represenƟng the total number of loops created on the surface is 24.
The smallest loop has the length of 2 meaning that it consists of 4 beads (two of them
are aƩached to the surface), and it has themost frequency among other lengths of loops.
The largest loop has the length of 39 beads.
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Figure 4.25 and Figure 4.26 show how frequency of loops changes with the length

of loops for the systems where strength of aƩracƟons is u = 10KT and u = 15KT ,

respecƟvely. According to the figures below, it can be concluded that by increasing the

strength of aƩracƟons themaximum size of loop drops. Thismeans the chance of floaƟng

above the surface decreases for beads when they are aƩracted by the surface intensively.

The aƩracƟons between the surface and the beads overcomes the aƩracƟons between

red beads.

Figure 4.27: chart represenƟng the number of loops created on the surface according
to their length, the total number is 11 loops; the maximum length of loops is 6, and the
loops with the minimum length of 2 has the most frequency in the system. In this system
the strength of aƩracƟons is 10KT .

Figure 4.28: chart represenƟng the number of loops created on the surface according
to their length; the total number of loops is 15; the maximum size of loops is 5, and the
loops with the minimum length of 2 has the most frequency in the system. In this system
the strength of aƩracƟons is 15KT .
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4.7. The effect of chemical correlaƟon on adsorpƟon process

As already menƟoned, the order of monomers along a co-polymer chain can affects the

properƟes of the co-polymer. In chapter 3, we introduced a parameter, which is chemical

correlaƟon of chain, to add other co-polymers to our systems. The chemical correlaƟon

varies between -1 and 1, which goes back to random co-polymer, tri-block co-polymer,

and homo-polymer, respecƟvely. In this secƟon, we examined the effect of the chemical

correlaƟons on the adsorpƟon process.

4.7.1 Triblock co-polymers

We designed 256 triblock co-polymers on a surface where the interacƟons between red

beads and the surface beads are of aƩracƟons (with the strength of u = 5KT ). The

two blocks construcƟng chains are of red beads, and the middle block is made of blue

beads. Given some Ɵme to the iniƟal configuraƟon of the system, triblock co-polymers

start relaxing on the surface. During the relaxaƟon of co-polymers, the only aƩracƟon is

between red beads and the surface, and all the other interacƟons defined between every

component of the system are repulsions with the strength of u = 2KT . AŌer relaxing

the chains, another aƩracƟon part is added to the systemwhich is among red beads with

the strength of interacƟon u = 5KT . As it is shown in Figure 4.29, beads get closer to

the surface. A layer of red beads is built on the surface, and some other red clusters can

be seen above the surface. Also, blue beads are located on top of the layer and among

the clusters.
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Figure 4.29: Snapshots of the simulaƟon of tri-block co-polymers on the surface; A) a
frame of the simulaƟon aŌer the relaxaƟon Ɵme, B) the last frame of the simulaƟon

The plots represenƟng the number of beads according to their distance from the sur-

face, shows that two masses of red beads are located near the surface and above it. The

red beads in between are the clusters shown in Figure 4.29. The paƩern of distribuƟon

is not comparable with di-block co-polymers (the previous system). Blue beads sƟll keep

the whole paƩern of distribuƟon as the ones in previous system. However, it does not

accord with any gaussian funcƟon, and has two peaks on the graph.

Figure 4.30: plots showing the number of red beads and blue beads above the surface
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Figure 4.31: chart represenƟng the number of loops created on the surface according to
their length, the total number is 24 loops; the maximum length of loops is 24, and the
loops with the minimum length of 2 has the most frequency in the system. In this system
the strength of aƩracƟons is 5KT .

Figure 4.32: Snapshot of the simulaƟon of tri-block co-polymers on the surface; the last
frame of the simulaƟon of tri-block co-polymers on the surface, and the strength of at-
tracƟons increased to u = 10KT .

In Figure 4.32 (the above image) shows a snapshot from tri-block co-polymers at-

tracted on the surface with a different strength of aƩracƟon with is u = 10KT (It is

twice the aƩracƟons in Figure 4.29). According to Figure 4.33, the concentraƟon profile

of red beads in this system is quite similar to the previous system (in Figure 4.30), but

the paƩern regarding the blue beads is symmetric and has visible differences with the
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previous system.

Moreover, like di-block co-polymers, themaximum size of loops formed on the surface

in triblock co-polymers reduces by increasing the strength of aƩracƟons between red

beads and the surface. However, the total number of loops drops in the according system.

Based on Figure 4.31 and Figure 4.34, by modifying the aƩracƟons from 5KT to 10KT ,

the largest loop size changes from 24 beads to 16 beads. Also, the total number of loops

reduces from 24 to 6 loops.

Figure 4.33: plots showing the number of red beads and blue beads above the surface;
u = 10KT
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Figure 4.34: chart represenƟng the number of loops created on the surface according
to their length, the total number is 6 loops; the maximum length of loops is 16, and the
loops with the minimum length of 2 has the most frequency in the system. In this system
the strength of aƩracƟons is 10KT .

4.7.2 Random co-polymers

For making random co-polymers, we considered a random paƩern produced by random

seeds and used it for all the chains in the system. A significant difference between this

system and the di-block co-polymers is that, aŌer the chains get relaxed, they go up and

increase their distance from the surface (as Figure 4.35 B.). For prevenƟng the chains

escaping from the surface, we shrank the simulaƟon box which keeps the chains in ap-

propriate distance from the surface. Therefore, they have the chance to adsorb on the

surface.

The concentraƟon profile of the beads appears different from di-block co-polymers.

The key feature of them is that the paƩern of beads’ number above the surface for red

beads is very similar to the blue beads.

For this system, we could not recognize any loop on the surface. This makes sense

because one of the condiƟons thatwe considered for the loop formaƟon is that the beads

forming the loop are red beads. As the existence of consecuƟve red beads in random

co-polymers is not common, the chance of finding the successive red beads meeƟng a
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loop’s condiƟon is not as much as the di-block or tri-block co-polymers. In this way, we

eliminated the condiƟon in which all the beads of loops are necessarily red beads. As a

result, we found a relaƟvely larger loops, and the number of loops increases significantly.

According to Figure 4.37, the total number of beads counted on the surface is 580.

Figure 4.35: Snapshots of the simulaƟon of tri-block co-polymers on the surface; A) a
frame of the simulaƟon during the relaxaƟon Ɵme, B) a frame of the simulaƟon aŌer the
system is relaxed, C) the last frame of the simulaƟon

Figure 4.36: plots showing the number of red beads and blue beads above the surface;
u = 5KT

78



Figure 4.37: chart represenƟng the number of loops created on the surface according to
their length, the total number is 580 loops; the maximum length of loops is 23, and the
loops with the minimum length of 2 has the most frequency in the system. In this system
the strength of aƩracƟons is 5KT .

We replicated the simulaƟon for an increased strength of interacƟon (10KT). Again,

we observed similar paƩerns of bead concentraƟon for red beads and blue beads. Also,

there are peaks in the plots which accords with the previous random co-polymer system

with the strength of aƩracƟons u = 5KT .

In comparison to the system with strength of aƩracƟon u = 5KT , the total number

of loops formed on the surface and also the size of the loops decreases in the current

system. According to Figure 4.40, the maximum size of loops is 6 beads, and the number

of loops reduces from 580 (for the above system) to 158. The most frequent size of loop

is sƟll 3 beads for this configuraƟon.
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Figure 4.38: Snapshot of the simulaƟon of random co-polymers on the surface; the last
frame of the simulaƟon of random co-polymers on the surface, and the strength of at-
tracƟons increased to u = 10KT .

Figure 4.39: plots showing the number of red beads and blue beads above the surface;
u = 10KT

80



Figure 4.40: chart represenƟng the number of loops created on the surface according to
their length, the total number is 158 loops; the maximum length of loops is 6, and the
loops with the minimum length of 3 has the most frequency in the system. The strength
of aƩracƟons is 10KT .

4.7.3 Homopolymers

We were also interested in surface-adsorpƟon of homopolymers which are built up of

only one type of bead. Here, we chose red beads to construct the chains since we were

seeking the states where beads can aƩract to the surface.

Figure 4.41: 35 Snapshots of the simulaƟon of homopolymers on the surface; A) a frame
of the simulaƟon during the relaxaƟon Ɵme, B) the last frame of the simulaƟon
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Figure 4.42: plot showing the number of red beads above the surface; the concentraƟon
profile fluctuates in lower distances from the surface, then, the paƩern looks a gaussian
behavior in higher distances. The strength of aƩracƟons is u = 5KT .

Figure 4.43: chart represenƟng the number of loops created on the surface according to
their length, the total number is 18 loops; the maximum length of loops is 14, and the
loops with the minimum length of 2,3, and 4 has the most frequency in the system. The
strength of aƩracƟons is 5KT .
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Figure 4.44: plot showing the number of red beads above the surface; the concentraƟon
profile fluctuates in lower distances from the surface, then, the paƩen reaches to a steady
state and there is a peak in higher distances. The strength of aƩracƟons is u = 10KT .

When the strength of interacƟons increases from 5KT to 10KT , the concentraƟon

profile loses its symmetric paƩern (if the iniƟal fluctuaƟons get ignored for both of the

systems). Besides, as it is expected, the number of beads gather near the surface in-

creases by the growth of strength of interacƟons (Figure 4.44).

Moreover, there is a significant reducƟon in the number of loops in the homo-polymer

system. This can be explained in this way that as all the beads are aƩracted on the sur-

face, the condiƟons in which some beads escape from the surface and the neighboring

beads decreases in comparison to other systems (where there are co-polymers). When

the strength of interacƟons increases from 5KT to 10KT , there is also reducƟon in the

number of loops formed on the surface (4.44).
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Figure 4.45: chart represenƟng the number of loops created on the surface according
to their length, the total number is 7 loops; the maximum length of loops is 3, and the
loops with the minimum length of 2 has the most frequency in the system. The strength
of aƩracƟons is 10KT .

4.8. The effect of co-polymers arrangement on adsorpƟon process

As a final aƩempt, we wanted to examine what the process would be if co-polymers are

arranged differently on the surface in iniƟal configuraƟon. To do so, we replaced verƟcal

co-polymer chains with horizontal co-polymers which are distributed randomly on the

surface. We tried it for various co-polymers with idenƟcal chemical correlaƟons.

The first contrast between the previously verƟcal chains and the new system with

horizontal chains is the extent of strength of interacƟons which work for each of the two

systems to make the co-polymers aƩracted on the surface. Unlike the previous system,

the strength of aƩracƟons smaller than u = 5KT is enough to get the chains near the

surface. Therefore, we restricted the aƩracƟons to 1KT , 2KT , 3KT , 4KT , and 5KT .

The second difference is that there are totable number of clusters made of red beads

moving above the surface in the new system. Although the height of co-polymer chains

seems to decrease and the area of the surface is covered by a layer of red beads and on

top of them a layer of blue beads, red clusters jiggling around are observed above the

surface.
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We began with di-block co-polymers (each chain is made up of 50 red beads and 50

blue beads) and compared the adsorpƟon process for different strengths of interacƟon.

Compared to the system with verƟcal chains, concentraƟon profiles of the new system

do not obey the mathemaƟcal funcƟons fit on the previous system. Unlike the previous

system where most of red beads are aƩracted on the surface, here we can see some red

beads are not assemble on the surface. On the other hand, they increase the distance

from the surface and raise the number of red beads in higher distances in the plot (Figure

4.46). Moreover, as it is shown in Figure 4.46, the concentraƟon of blue beads above the

surface does not make a symmetric paƩern (as it is in the previous system). Figure 4.47

shows the comparison between different strength of interacƟons for the same configu-

raƟons of di-block copolymers. Accordingly, when the strength of aƩracƟons increases,

in the paƩern of blue beads concentraƟon, the first peak on the curve goes down and

the second peak goes up. The whole paƩern of the bead concentraƟon stays the same.

Figure 4.46: plots showing the number of red beads and blue beads above the surface
for the system consists of di-block copolymers; u = 5KT
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Figure 4.47: plots showing the number of red beads (leŌ) and blue beads (right) above
the surface for different strength of interacƟons

Then, we did the simulaƟons for the systems with tri-block co-polymers, random co-

polymers, alternaƟng co-polymers, and homopolymers. The results are shown in Figure

4.48 to Figure 4.51

Figure 4.48: plots showing the number of red beads (leŌ) and blue beads (right) above
the surface for different strength of interacƟons in the systemwith tri-block co-polymers;
the profiles have similariƟes with the ones in the previous system (Figure 4.30)
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Figure 4.49: plots showing the number of red beads (leŌ) and blue beads (right) above
the surface for different strength of interacƟons in the systemwith random co-polymers;
the profiles are different from the paƩerns in the previous system (Figure 4.36) in the
way that most of the beads concentrate near the surface, also no peaks is visible in the
middle.

Figure 4.50: plots showing the number of red beads (leŌ) and blue beads (right) above
the surface for different strength of interacƟons in the system with alternaƟng co-
polymers

Figure 4.51: plots showing the number of red beads above the surface for different
strength of interacƟons for the system with homopolymers; when the strength of at-
tracƟons is 1KT , the profile is very much similar to the previous system (Figure 4.42).
However, when aƩracƟons increase, the paƩern changes to sharp fluctuaƟons near the
surface. The paƩerns are sƟll similar to the previous system in terms of having the beads
concentrated near the surface.

87



5. Conclusion and Future prospects

Yet some of the simulaƟons show the adsorpƟon of co-polymers on the surface, we can-

not declare that our goal of imitaƟng adsorpƟon process is perfectly achieved. The struc-

tural aspects of iniƟal configuraƟons, the dynamical features of the system components

based on the defined interacƟons, as well as the lengths of simulaƟon Ɵme fulfill our

goals to do the project. However, the huge number of parƟcles in our system and the

compression of them in iniƟal configuraƟons may limit parƟcle movements. Therefore,

it may cause a restricƟon on the process to be carried out completely.

The strength of interacƟons defined inside the systems play a significant role in simula-

Ɵons. The more the strength of aƩracƟons are, the more beads gather near the surface.

In this way, the accumulaƟon of di-block co-polymers does not occur near the surface

when the strength of aƩracƟons (between surface beads and red beads) is 3KT . More-

over, the configuraƟons with strength of aƩracƟons 5KT , 10KT , and 15KT lead to the

red part of co-polymers placed on the surface, where the number of red beads gathering

near the surface increase, respecƟvely.

The populaƟon of the co-polymers can have effects on the concentraƟon profile of

the beads through the process. In the study, we tried two disƟnct number of co-polymer

chains (256 and 144). In both systems, the extracted paƩerns for curves obey exponenƟal

and gaussian funcƟons; however, the symmetry of the curves have differences. Since all

the other factors remain the same for the systems, we can conclude that such processes

(surface-adsorpƟon of co-polymers) can be a collecƟve behavior of the system, meaning

assemblies of beads leads to dynamical behaviors which is not observed in individuals’.

The graphs of beads’ concentraƟon on the surface are modeled with mathemaƟcal

funcƟons. The curves fit on graphs are exponenƟal funcƟons for red beads and gaussian

funcƟons for blue beads, which are appropriate paƩerns. The values of parameters have
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been specified in order to compare different systems with together. The graphs of total

number of beads are also ploƩed that include signs of fluctuaƟons in the paƩerns of

concentraƟons.

The chemical correlaƟons corresponding to polymers can have significant affects in

the adsorpƟon process. The parameters related to the process are measured for poly-

merswith specific chemical correlaƟons, and the key features of their dynamical behavior

(emerge on the parameters) are noted in the result secƟon.

We think that the quanƟtaƟve parameters (e.g., loop formaƟon, and co-polymer

brush) measured through the study can shed light on more aspects of polymer dynamics

and contribute to novel ideas of research projects in polymer science. Moreover, we pre-

dict the formaƟon of bead aggregaƟons suspended among other beads above the surface

to be a potenƟal subject for invesƟgaƟng the topology of polymers near surfaces or at

the interfaces. Focusing on these unexpected structures appeared in the simulaƟon box

and quanƟfying their shapes, size, and dynamics can lead to new aspects of this study.

The possibility of knot formaƟon in our systems is sƟll under quesƟon. Themethodwe

uƟlized did not be appreciable for our systems. The dense populaƟon of moving beads

does not allow to understand if the successive cross secƟons of beads are aƩributed to a

single chain or not. Then, we could not say by sure that the cross secƟons contribute to

knot creaƟons. An important point here is that our systems do not necessarily possess

all the features of the entangled polymer structures where knots can be created. The

condiƟon for a polymeric system to be entangled is the existence of very long chains and

a big number of monomer blocks along the chain.

We think that one can alter different aspects of our system (e.g., topology of chains,

and geometry of the surface) and add new features (e.g., charged co-polymers, and mo-

bile surface) to the system in order to use it for simulaƟng other phenomena. It would
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also be the case to eliminate the challenges we faced during the study by making modifi-

caƟons in the current system. Co-polymers are beingwidely known in biological phenom-

ena and material applicaƟons. Consequently, we anƟcipate this study being pracƟcal for

further studies with biological or biotechnological perspecƟves.
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Appendix
 
 

The codes used in the study are available at https://github.com/SDaryakp/pt.git.




