




ISTANBUL TECHNICAL UNIVERSITY F INFORMATICS INSTITUTE

SYMMETRY-ADAPTED PERTURBATION THEORY POTENTIALS
FOR DNA BASES

M.Sc. THESIS
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Armağan KARATOSUN
(702141001)

Computational Science and Engineering Department

Computational Science and Engineering Master Programme

Thesis Advisor: Assoc. Prof. Adem Tekin

JUNE 2018
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SYMMETRY-ADAPTED PERTURBATION THEORY POTENTIALS
FOR DNA BASES

SUMMARY

Deoxyribonucleic acid (DNA) is considered as the fundamental structure of life and
it contains the all genetic information of known living beings and some viruses.
Therefore, DNA is the one of the most important and heavily inspected biological
molecule. The diversity it can produce, however, rests upon the combination of
the four different molecules; adenine, cytosine, thymine, and guanine. These DNA
bases are stabilized by non-bonded interactions, especially with hydrogen bonding
and stacking. This unique structure gives the DNA the ability to form triplexes,
quadruplexes and many other complex structures. These DNA bases can also be
embedded on metal surfaces and the resulting metal-DNA complexes can be used for
many special purposes such as biochip sensors, organic semiconductors, and organic
photovoltaic tools. In this study, we developed a new force field specialized for
adenine, thymine and adenine-thymine oligomers. For this purpose, the first step
of this study will be to compare the performances of various ab initio methods for
calculating the interaction energies. MP2, SCS-MP2, SCS-MI-MP2, B3LYP-D and
DFT-SAPT (PBE0AC and LPBE0AC) was used to calculate Potential Energy Curves
(PEC) with Dunning’s aug-cc-pVXZ (aVXZ) base sets (X = D, T and in some cases Q)
to find the most accurate and computationally cheap method. After this step, acquired
results compared with the CCSD(T), which is considered as the most accurate but
computationally expensive method. The best resultant method will be used to calculate
the potential energy surfaces (PES) and used as an alternative to CCSD(T). As a next
step, the resulting interaction forces fitted to an analytical function to develop force
fields. Then, the model function was used to perform a global search to find the
local and global minima of adenine, thymine and adenine-thymine dimers, trimers,
and tetramers by using the one of the most successful and robust global optimization
algorithm, Simulated Annealing. Our structure optimizations showed us that the new
potential is able to reproduce the 2-D filament structures and some new non-planar
adenine, thymine and adenine-thymine clusters. For the final step, we compared
the well-known AMBER with our generated force field, for all considered systems.
Although AMBER force field generally agrees with ab initio methods and proposed
model, it can fail to produce the correct interaction energies for certain cases while
proposed model potential performs better. Therefore, we suggest our proposed force
field is suitable to perform molecular dynamics simulations of much larger DNA
systems.
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DNA BAZLARI İÇİN SİMETRİ UYUMLU PERTURBASYON
KURAMI POTANSİYELLERİ

ÖZET

DNA bir nükleik asit olup, yaşayan tüm canlıların ve bazı virüslerin temel
yapı taşı olması sebebiyle bilimsel litaratürde en çok incelenen yapılardan biridir.
Oluşturabildiği çeşitliliği, 4 temel bileşeni olan adenin, timin, sitozin ve guanin’in
farklı kombinasyonlar halinde bir araya gelmesiyle oluşturan DNA, kovalent olmayan
etkileşimler sayesinde yapılarını kararlı hale getirmektedir. Özellikle elektrostatik
(O-H ve N-H arasında oluşan hidrojen bağları) ve π-yığılma (π-stacking) etkileşimleri,
bu sistemlerin kararlılığını etkileyen önemli faktörlerden biridir. Bir pürin (A-T)
bazı ve bir pirimidin (S-G) bazının eşleşmesiyle oluşan DNA’nın çift sarmallı yapısı,
bu etkileşimler sayesinde kararlı hale gelir. Bu eşsiz yapı, DNA’ya tripleksler
gibi kompleks yapıları oluşturma yeteneği kazandırır. Ayıca, DNA’yı oluşturan
bazlar, çeşitli metallerin üzerine yerleştirilerek kendilerine organik yarıiletkenler,
bioçip sensörleri ve organik fotovoltaik araçlar gibi uygulamalar da bulabilir. Bu
uygulama alanlarının yanı sıra, altın gibi metal yüzeylere yerleşen DNA bazları
da literatürde oldukça irdelenmiş ve DNA bazlarının metal yüzeylerdeki konumları,
hem taramalı tünelleme mikroskopları (STM) hem de moleküler dinamik (MD)
simulasyonları kullanılarak incelenmiştir. STM ile küçük organik moleküllerin
tespiti zor olduğundan, yoğunluk fonksiyon teorisi (DFT) gibi teorik kuantum kimya
hesapları bu tarz yapıların aydınlatılmasında oldukça yararlı olmuştur. Özellikle
tek ve çift eksitasyonlu perturbativ üçlü eksitasyon düzeltmelerini içeren coupled
cluster (CCSD(T)) metodu, neredeyse tüm sistemler için yüksek doğrulukta sonuçlar
verebilmektedir. Fakat CCSD(T)’nin, hesaplama gücü açısından çok pahalı olması,
onu, bu çalışmanın son bölümlerinde de aydınlatmak isteyeceğimiz küme yapıları
(cluster) gibi kompleks sistemler için uygulanamaz kılmaktadır. Bu nedenden
ötürü CCSD(T), DNA küme yapıları için maalesef kullanılamamaktadır. Bu
sorunu aşmak için analatik ifadeleri kullanarak bir potansiyel enerji yüzeyi (PEY)
oluşturulabilir ve elde edilecek enerji değerleri, bir analatik fonksiyona fitlenebilir.
Fakat bu durumda da, elde edeceğimiz analitik fonksiyonun doğruluğu, doğrudan
potansiyel enerji yüzeyini hesapladığımız teorik hesap seviyesine bağlı olacaktır.
Bu sebepten örütü, potansiyel enerji yüzeyini oluştururken kullandığımız hesaplama
seviyesinin seçimi, modelimizin en uygun (doğruya en yakın ve en hızlı) şekilde
çalışması için büyük önem taşımaktadır. Bu amaçla çalışmamızın ilk adımı,
PEY’leri oluşturmak için çeşitli ab-initio yöntemlerin, ilgili dimerlerdeki etkileşim
enerjilerini hesaplayabilme performanslarını karşılaştırmak olacaktır. En yüksek
doğrulukta ve en düşük hesaplama maaliyeti ile etkileşim enerjilerini hesaplayabilen
yöntemi bulabilmek için Potansiyel Enerji Eğrileri (PEE) oluşturulacak ve bu
eğrilerin sonuçlarına göre PEY’lerin hesaplanmasında kullanılacak olan yöntem
seçilecektir. Etkileşim enerjilerinin hesaplanmasında supermoleküler hesaplama ya
da perturbasyon teorisi kullanılabilir. Supermoleküler hesaplama, herhangi bir teorik
seviye kullanılarak yapılabilir ve dimer enerjisinden, monomerlerin enerjilerinin
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analatik olarak çıkarılmasıyla elde edilir. Bu hesaplamalarda karşılaşılabilecek
bir sorun baz seti superpozisyon hatasıdır (basis set superposition error) (BSSE).
Kuantum kimya hesaplamaları, baz seti süperpozisyon hatasına karşı hassastırlar.
Etkileşen moleküllerin (veya aynı molekülün farklı bölümlerinin) atomları birbirine
yaklaştıkça, temel işlevleri üst üste gelir. Her monomer, diğer yakın bileşenlerden
baz setlerini "ödünç" alır ve baz setini etkin bir şekilde arttırır. Bunun sonucunda,
ilgili enerjiler yanlış hesaplanacak ve bu uyumsuzluk bir hata getirecektir. BSSE,
karşılıklı hesaplama (counterpoise (CP)) yaklaşımı ile giderilebilir. CP yaklaşımında
monomerlerin toplam enerjisi, toplam dimer baz seti kullanılarak hesaplanmaktadır.
Perturbasyon teorisinde ise, etkileşim enerjileri fiziksel kökenleri farklı olan birden çok
terimin toplamı şeklinde ifade edilir ve BSSE hatası da içermemektedir. Bahsedilen
yöntemlere ek olarak, hidrojen bağlı yapılarda iyi çalıştığı bilinen MP2 ve MP2’nun
iki farklı varyantı olan SCS-MP2 ve SCS-MI-MP2 da PEY’in hesaplanması için uygun
yöntemler olabilir. Özellikle düşük hesaplama maaliyeti ile gelen SCS-MI-MP2,
PEY’lerin hesaplanması için harcanan süreyi bir hayli kısaltacak olması açısından
oldukça avantajlıdır. Bu çalışmada, adenin, timin ve adenin-timin bazları ele
alınacak ve ilgili bazların dimer potansiyel enerji yüzeyleri (PEY), CCSD(T) ile en
uyumlu teorik metot ile hesaplanıp bir analitik fonksiyona fitlenecektir. PEY’in
hesaplanmasından önce MP2, SCS-MP2, SCS-MI-MP2, B3LYP-D ve DFT-SAPT
(PBE0AC ve LPBE0AC) metotları kullanılarak potansiyel enerji eğrileri (PEE)
oluşturulacak ve bu metotlar, hakem metot olan CCSD(T) ile karşılaştırılarak
potansiyel enerji yüzeylerini (PEY) hesaplamak için en uygun ve en hızlı metot
seçilecektir. Dimerler için elde edilmiş bu kuvvet alanlarının oluşturulmasından sonra,
adenin, timin ve adenin-timin küme yapıları aydınlatılmaya çalışılacaktır. Grubumuz
tarafından, guanin, stozin ve stozin-guanin dimerleri için yapılmış önceki çalışmalar,
PEY’lerin hesaplanması için bahsi geçen yöntemleri karşılaştırmış ve DFT-SAPT’ın,
CCSD(T)’ye en yakın sonuçları verdiğini tespit etmiştir. Ayrıca DFT-SAPT’ın,
etkileşim enerjilerini elektrostatik, dispersiyon, indüksiyon ve bunlara ait itici
terimlerin bir toplamı şeklinde vermesi, sistemi stabilize eden faktörlerin belirlenmesi
açısından fayda sağlamaktadır. DFT-SAPT’ın bu performansı, adenin, timin ve
adenin-timin dimerleri için de beklenmektedir. Dimerler için tasarlanmış bir kuvvet
alanının, örneğin bir trimerin dispersiyon etkileşimlerini hesaplarken, etkileşimleri
monomerlerin toplamları (AB+AC+BC) şeklinde ifade edilmesinden ötürü daha büyük
sistemlerde beklenildiği kadar doğru çalışmayabilir. Fakat yinede hesaplanan kuvvet
alanının performansının, literatürde sıklıkla kullanılan AMBER kuvvet alanına kıyasla
daha doğru çalışması beklenmektedir. Adenin, timin ve adenin-timin dimerleri
için PEY’lerin geliştirilmesinden sonraki adım, benzetilmiş tavlama (simulated
annealing) yöntemi ile PEY’in küresel minimumlarını tahmin etmek olacaktır.
Benzetilmiş tavlama, sezgisel bir küresel eniyileme (global optimization) yöntemi
olup, grubumuz tarafından yapılan daha önceki çalışmalarda da küresel minimumların
tahmin edilmesinde başarıyla kullanılmıştır. Burada karşılaşabilinecek bir sorun, tüm
küresel eniyileme yöntemlerinde de bulunan küresel minimuma ulaşma sorunudur. Bu
sorun, küresel eniyileme algoritmalarının, küresel minimuma ulaşmadan önce, yerel
bir minimum noktasına takılarak, küresel minimum noktasını ıskalaması sonucunda
meydana gelir. Benzetilmiş tavlama yöntemini, daha öncesinden farkında olduğumuz
bu problemden kurtarmak için birden fazla kez çalıştırarak, algoritmanın küresel
minimum noktasına gitmesini sağlayabiliriz. Hesapsal maaliyetinin de görece düşük
olmasından dolayı benzetilmiş tavlama yöntemi bu şekilde uygulanarak adenin, timin
ve adenin-timin küme yapılarının aydınlatılmasında kullanılabilir. Çalışmamızın son
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aşamasında adenin, timin ve adenin-timin dimerleri için geliştirilen kuvvet alanları
kullanılarak, benzetilmiş tavlama yöntemi ile küresel minimum noktalarına ulaşılmaya
çalışılacak, bu kuvvet-alanlarının, dimer ve diğer düzlemsel yada düzlemsel olmayan
oligomerlerinin (en fazla 4 tane nükleik asit bazı içeren) yapıları tahmin etme gücü
belirlenecek ve benzetilmiş tavlama yöntemi ile bulunan yapılar, literatürde bulunan
diğer sonuçlarla karşılaştırılacaktır. Buradaki ana hedef, hem literatürde bulunan
yapılara ulaşmak, hem de (eğer varsa) bu yapılardan daha düşük enerjili yapıları
tespit etmektir. Ayrıca litetartürde irdelenen ve taramalı tünelleme mikroskobu
(Scanning tunneling microscope (STM)) görüntüleri ile tespit edilen metal yüzeylerle
yerleşik DNA bazlarının, benzetilmiş tavlama yöntemi ve geliştirilen kuvvet alanı
kullanılarak da tespiti, diğer bir odak noktamızdır. Sitozin, guanin ve sitozin-guanin
için yapılmış olan önceki çalışmalar, bu tarz yapıların aydınlatılmasında izlediğimiz
yolun başarılı olduğunu ortaya koymuştur. Burada, ilgili sistemlerin toplam enerjisi,
sistemdeki tüm ikili etkileşimlerin toplamı şeklinde ifade edilecektir. Yinede
hesaplanan kuvvet alanı performansları, literatürde sıklıkla kullanılan AMBER
kuvvet alanı ile kıyaslanacak ve bu kuvvet alanına kıyasla daha doğru çalışması
hedeflenecektir. Çalışmalarımızın sonucunda, adenin, timin ve adenin timin bazları
için PEE oluşturulmuş ve bu eğrilerin yardımı ile PEY yüzeylerini oluşturmak için
kullanılacak olan teorik metot DFT-SAPT olarak belirlenmiştir. Fakat, DFT-SAPT’ın
performansına oldukça yakın bir performans gösteren SCS-MI-MP2 yöntemi de
gelecek çalışmalar için kullanılması muhtemel bir yöntem olarak göze çarpmıştır.
PEY’lerin, oluşturulmasında adenin, timin ve adenin-timin bazları için sırasıyla 7286,
4412 ve 6390 tane nokta kullanılmıştır. İlgili PEY’lerin oluşturulmasından sonra
sıra benzetilmiş tavlama yöntemini, her bir baz için çalıştırmak olmuştur. Bunun
için, PEY’lerin sonuçları ele alınarak benzetilmiş tavlama yönteminde kullanılacak
olan parametreler belirlenmiş ve ilgili DNA bazlarının küme yapıları, benzetilmiş
tavlama yöntemi ile aydınlatılmıştır. Benzetilmiş tavlama metodu, küresel minimum
noktasına ulaşmasını sağlamak adına ardışık olarak çalıştırılmış ve hem literatürde hali
hazırda rapor edilmiş adenin, timin ve adenin-timin bazlarını ve kümelerini yakalamayı
başarmış hem de dimer, trimer ve tetramerler için yeni yapılar bulmayı başarmıştır. Bu
sonuçların ışığında ve çalışmalarımızın sonucunda geliştirilmiş olan kuvvet alanının,
hali hazırda kullanılan AMBER kuvvet alanına göre daha iyi sonuçlar verebildiği
saptanmış ve DNA bazlarını içeren yapıların aydınlatılmasında kullanılabilecek yeni
bir kuvvet alanı olarak sunulmuştur. Ayrıca ulaştığımız bu sonuçlar, ilgili bazların
daha büyük küme yapılarının da incelenmesi açısından da umut vaadetmektedir.
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1. INTRODUCTION

Deoxyribonucleic acid (DNA) is considered as the fundamental structure of life and it

contains the all genetic information of known living beings and some viruses. DNA

is used for passing the information to the offsprings and DNA degeneration can cause

serious harms, such as cancer, cardiovascular diseases, and diabetes. Therefore, DNA

has become the one of the most important and heavily inspected biological molecule

in the scientific community [1–10]. The diversity it can produce however, rests upon

the combination of the four fundamental molecules; adenine, cytosine, thymine, and

guanine. These DNA bases are stabilized by non-bonded interactions, especially via

hydrogen bonding and stacking. This unique structure gives DNA the ability to form

triplexes, quadruplexes and many other complex strutcures [1, 2, 11–19]. DNA bases

can also be embedded on metal surfaces and the resulting metal-DNA complexes can

be used in various applications such as biochip sensors, organic semiconductors and

organic photovoltaic tools [20–22]. For example, adenine supermolecular structures

was observed on Cu(111) [8–10,23–25], Cu(110) [26,27], Au(111) [6,28,29], graphite

[30–34], molybdenite [31] and Ag terminated Si(111) [35] surfaces for their role on

self-assembled structures. Cytosine [36–39], guanine [37,40] and thymine [37,41,42]

were also deposited on various metal surfaces. Previous STM images showed that all

DNA bases can form one or two dimensional supermolecular planar networks on metal

surfaces and DNA metal surfaces can act as a platform to sustain the DNA bases [36].

Computational methods can be implemented to widen our knowledge on this subject

and have been used previously to identify the existing structural motifs in STM images.

[43]. In such studies, one must compute the base-base and base-surface interactions

via force field which are not specialized for DNA bases and this can be misleading.

Maleki et al. [44] used a combination of well known Lennard-Jones potential with

AMBER parameters and Coulomb term to overcome these complications. In the

current study, we used our posteriori knowledges coming from guanine [45] and

cytosine [46] oligomers and implemented a new force field specialized for adenine,

thymine, and adenine-thymine oligomers with symmetry-adapted perturbation theory
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(a) (b)

Figure 1.1 : DNA Bases a)Adenine, b)Thymine.

combined with density functional theory (DFT-SAPT) developed by Hasselmann and

Jansen [47–50]. Then, the model function was used to search the structures of adenine,

thymine and adenin-thymine dimers, trimers, and tetramers. Similar to the previous

works in cytosine [46] and guanine [45], our current results are quite promising and

it shows that our model potential might be an asset for further MD simulations. The

outline of this thesis is as follows; Section II presents the details of our computational

methods and quantum chemical calculations performed by DFT-SAPT theory and

DFT. We also compared our selected computational methods with other high accurate

quantum chemical methods and also AMBER force field. This section also contains

pieces of information about our fitting strategy. In Section III, we compare the

efficiencies of all methods and we used our force field to generate adenine, thymine

and adenine-thyimne clusters. Finally, Section IV summarises the study based on our

findings.
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2. METHOD

2.1 Ab-initio Methods

As a term, ab-initio means "from the first principles" or "from the beginning" and first

used by Robert Parr and his coworkers in a study on the excited states of benzene [51].

Ab-initio calculations are based on quantum mechanical laws, thermodynamics and

some physical constants such as speed of light. Ab-initio methods produce correct

theoretical results but as a nature of this process, they require intense computing

resources. Because of this demand, ab-initio methods are only applicable for smaller or

slightly bigger systems. Hartree-Fock (HF) theory is the most basic ab-initio method

available, however in HF, electron correlation effects are omitted. These effects are

crucial for calculating the dispersion forces on intermolecular interactions and for this

purpose, post-HF methods such as Møller-Plesset (MP) methods has been developed.

According to its contained number of terms, MP can be classified from second to

forth order or more orders. Also, there are other methods available such as coupled

cluster (CC) and configuration interaction (CI) methods which can produce more

accurate results than Møller-Plesset. Single and double excitation coupled cluster

theory including perturbative triple excitations (CCSD(T)) is known as one of the

most reliable and accurate methods and is considered as a reference calculation level.

But calculating the intermolecular energies with CCSD(T) is not feasible because of

its high computational demands. In addition, CI methods can also be considered as

very accurate and if the wave function can be determined as the sum of all possible

stimulations, then it becomes a Full-CI, the most accurate method. As a result, we can

order the accuracy level of the ab-initio methods as follows; HF < MP < CCSD(T) <

Full-CI.

2.1.0.1 Moeller-Plesset perturbrational theory

As a Post-HF method, Møller-Plesset Perturbational Theory improves the HF method

by adding the electron correlations effects. According to its contained number of terms,
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MP can be classified as MP2, MP3, MP4 and so on. MP2 can be considered as the

most popular one among the other MP methods because of its computationally feasible

nature. MP3 and MP4 are also used quite widely and accuracy of the MP4 is very close

to CISD. Usage of the MP5 is very limited, mostly because of its high computational

demand. MP2 energies are calculated by the sum of the anti-parallel and parallel spin

correlation energies and can be seen in the following equation 2.1.

Ecorr(MP2) = Ecorr(↓↓)+Ecorr(↑↓) (2.1)

Since anti-parallel and parallel spin correlation energies do not evenly contribute

the total energy, equation 2.1 can be scaled with two scaling parameters, c1 and c2

respectively. This scaled version of equation 2.1 can be seen in equation 2.2.

Ecorr(MP2) = c1Ecorr(↓↓)+ c2Ecorr(↑↓) (2.2)

This scaled MP2 method is called as Spin Component Scaled MP2 (SCS-MP2) and

generally gives the better and more accurate results then MP2 energies [52]. The

optimized scaling parameters are 1.2 for antiparallel spin and 1/3 for parallel spin.

Distasio et al. [53] further optimized the spin-component scaling parameters shown

in equation 2.2 and the resultant model, SCS-MI-MP2, emerged as a new and more

accurate method that corrects the MP2 errors which mostly seen in hydrogen-bonded

structures. The resulting SCS-MI-MP2 parameters with respect to their original values

are 1.29 for antiparalel and 0.40 for the parallel spin.

2.1.0.2 Coupled cluster

Coupled Cluster (CC) method is a numerical technique to describe many-body systems

and it takes the HF molecular orbital method and uses the exponential cluster operator

to construct multi-electron wavefunctions. CC method is often used for reference

calculation method because of its high accuracy and it is the perturbative variant of

the Many-Electron Theory (MET). CC methods are classified by their highest number

of excitations allowed in the definition of cluster operator, T .

T = T1 +T2 +T3 + ..., (2.3)
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where T1, T2 and T3 are the operators for single, double and triple excitations

respectively. CC methods begin with the abbreviation "CC" followed by "S", "D",

"T" or "Q" for single, double, triple and quadruple excitations, respectively.

2.1.1 Density functional theory

In Density Functional Theory (DFT), the interaction energies of many-electron

systems can be determined by using functionals which can be defined as "function

of another function". The name DFT comes from the electron densities, which used to

calculate the interaction energies via density functionals, instead of wave functions

[54]. DFT requires an initial functional to proceed and this makes the process of

determining an appropriate functional as a crucial step. DFT method is considered as a

faster and computationally feasible method especially when compared to the ab-initio

methods such as HF theory and its descendants that include electron correlations. The

main setback of the DFT is that its inability to calculate the interaction energies such as

dispersion term accurately enough. This setback has been overcome by the dispersion

correction term, Edisp on DFT-D.

EDFT−D = EKS−DFT +Edisp. (2.4)

where, EKS−DFT is the Khon-Sham DFT functional. Dispersion correction term, Edisp

can be expanded as a sum of dispersion parameters for the i j pairs an can be seen in

equation 2.5,

Edisp. =−s6

Nat−1

∑
i=1

Nat

∑
j=i+1

fdmp(Ri j) (2.5)

where Nat is the number of the atoms, s6 is the scaling factor for specific density

functional, Ri j is the distance between the atoms and fdmp is the damping function

to prevent singularities in the short distances.

fdmp(Ri j) =
1

1+ e Ri j
Rr−1

(2.6)

Here Rr is the sum of the Van der Waals radius.
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2.1.2 Symmetry adapted perturbation theory and DFT-SAPT

Symmetry Adapted Perturbation Theory (SAPT) was developed to describe

non-covalent interactions and it provides a perturbative expression for interaction

energies. SAPT decomposes the interaction energies into first-order electrostatic

E(1)
el , second-order induction E(2)

ind , dispersion E(2)
disp and repulsive terms resulting

from electron exchange among monomers E(1)
exch, E(2)

exch−ind and E(2)
exch−disp respectively.

δ (HF) represents the effect of second-order terms and it is the difference between the

supermolecular Hartree-Fock (HF) interaction energy and the electrostatic, induction,

and their exchange counterpart energies obtained from HF monomer density matrices

and HF response functions. SAPT generally was considered as a computationally

expensive [55] method and to overcome this bottleneck, monomer properties can be

calculated at the DFT level resulting to DFT-SAPT [47–50, 56] and SAPT(DFT) [57]

methods. Interaction energies in DFT-SAPT calculated with the sum of physical terms;

Eint = E(1)
el +E(1)

exch +E(2)
ind +E(2)

exch−ind +E(2)
disp +E(2)

exch−disp +δ (HF) (2.7)

Third and higher order contributions are defined in δ (HF) and above equation 2.7 can

be reformulated as:

δ (HF) = Eint(HF)+E(1)
el (HF)+E(1)

exch(HF)+E(2)
ind(HF)+E(2)

exch−ind(HF) (2.8)

Here Eint(HF) is the Counterpoise-corrected supermoleculer HF interaction energy.

DF-DFT-SAPT is a computationally faster variant of DFT-SAPT and currently

implemented on MOLPRO [58] program package. In DF-DFT-SAPT, PBE0AC [56]

and LPBE0AC [59] density functionals was used to obtain the monomer attributes and

the efficiency of DFT is increased with this approach when it compared to CCSD(T).

2.1.3 Investigation of DNA bases via ab-initio methods

Selection of the theoretical method to compute the Potential Energy Surfaces (PES)

of adenine, thymine and adenine-thymine dimers has a critical importance to improve

the predictive power of the generated force fields and our posterior knowledge coming

from guanine [45] and cytosine [46] oligomers had also proved this fact. CCSD(T)
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is known as the most reliable and accurate, but also computationally intense method.

Calculating the intermolecular energies with CCSD(T) is not feasible, therefore, we

must find the most accurate and computationally feasible method which can be an

alternative to CCSD(T). The second order Møller-Plesset perturbation theory (MP2),

spin-component scaled MP2 (SCS-MP2) [52], SCS-MI-MP2 [60] and DFT-D were

frequently used for supermolecular approaches instead of computationally intense

CCSD(T). Here, B3LYP-D [61, 62] was chosen as a DFT-D approach and it has been

observed that its performance depends on the considered system similar to PBE-D and

meta-generalized gradient approximation functionals M05-2X and M06-2X, e.g., even

it produces interaction energies which are similar to CCSD(T) for pyrazin [63–65]

and parallel-displaced benzene [66], it is shown that this approach fails for stacked

benzene and H2S-benzene dimer interactions [66]. As an alternative to supermolecular

approach, one can also use DFT-SAPT to obtain the interaction energies as a sum of

physically distinct components such as electrostatics, dispersion, induction and their

exchange counterparts. It has been shown that DFT-SAPT is in quite good agreement

with CCSD(T) [45, 46, 65, 67, 68]. In this study, we compared the performances

of DFT-SAPT and counterpoise (CP)-corrected supermolecular MP2, SCS-MP2,

SCS-MI-MP2, B3LYP-D and CCSD(T) methods for the stacked and hydrogen-bonded

adenine, thymine and adenine-thymine dimers to find the best and most suitable

alternative for CCSD(T). Adenine, thymine and adenine-thymine dimers which were

used to calculate Potential Energy Curves (PEC) taken from well known studies

[6, 7, 69, 70]. Interaction energy computations were performed using MOLPRO [58]

and density fitting implementation of DFT-SAPT (DF-DFT-SAPT) [71] has been used.

We showed that DFT-SAPT (LPBE0) is in quite good agreement with CCSD(T). In all

these computations, Dunning’s aug-cc-pVXZ (aVXZ) basis sets with X = D, T and Q

were employed. The developed force field for adenine, thymine and adenine-thymine

dimers were used for the prediction of the corresponding oligomers. Some of the

resulting structures were further relaxed at PBE, SCS-MP2 and CP-SCSMP2 levels

with aug-cc-pVDZ basis set. For the larger cluster sizes, geometry optimizations

were carried out only at SCS-MP2/aug-cc-pVDZ level. TURBOMOLE V6.1 program

package [72] was used for all these computations. In addition to the comparisons

performed using ab-initio calculations, we also utilize the well known AMBER

non-bonded empirical potential for the calculation of the interaction energies of the
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Figure 2.1 : Potential energy curve of H-bonded adenine dimer. Representative
colours: MP2, green; SCS-MP2, cyan; SCS-MI-MP2, yellow; B3LYP-D,

purple; DFT-SAPT(PBE0AC), blue; DFT-SAPT(LPBE0AC), black

adenine, thymine and adenine-thymine clusters. Only Van der Walls and Coulombic

terms were used in AMBER force field [73] as described in Morgado et al. [74].

2.2 Fitting Details

The second step of this study is to fit a potential model to interaction energies which

acquired by the calculation of PES with the chosen theoretical method. Recently, our

work group successfully developed a first principles potential for the acetylene [75],

cytosine [46] and guanine [45] using DFT-SAPT(PBE0AC) and resulting interaction

energies were fitted to a site-site model potential. We used the same approach for

the adenine, thymine and adenine-thymine bases. First, we create a PES by using

a six-dimensional grid shown in Figure 2.2 for each DNA bases and we eliminate

the symmetry-redundant and close-contact orientations. Resulting gird was calculated

with DFT-SAPT (LPBE0)/aVDZ and Levenberg-Marquardt nonlinear weighted least

squares method were used to fit the model. The functional form which has been used

previously on cytosine [46] and guanine [45] dimers was also used for the fitting of the

adenine, thymine and adenine-thymine dimers and can be seen bellow;

V =
sites

∑
i∈A

sites

∑
j∈B

{
αi jexp(−βi jri j)+

Ci j

(r6
i j + c6

i j)
+ f0(δ

i j
0 ,ri j)

qiq j

ri j

}
, (2.9)

ri j indicates the distances between i and j, which corresponds the monomers A and B,

respectively. α , β , C are defined as the fitting parameters. The each element in adenine

dimers for example, was assumed to be a different site and this gives a total of 6 pair
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Figure 2.2 : A six-dimensional model. R represents the distances between CMS, Θ

and Φ are polar angels and θ , φ and ψ are euler rotation angels.

interactions (C-C, C-H, C-N, H-H, H-N and N-N). Each of these interactions can be

defined with 3 parameters as shown in the above equation and this gives a total of 18

fit parameters. In equation 2.9, qi and q j are the ESP fitted partial charges and f0 is the

Tang-Toennies damping function [76] with δ = 1 and n = 0,

fn(δ ,r) = 1− exp(−δ r)
n

∑
m=0

(δ r)m

m!
, (2.10)

which eleminates the divergance of the Coulomb interaction term for ri j → 0.

Manually adjusted ci j parameters were also used for damping the dispersion interaction

term, to avoid unphysically large values. Finally, Levenberg-Marquardt non-linear

weighted least squares method was used to determine the fitting parameters by

minimizing the equation 2.11,

χ
2 =

N

∑
i=1

σi(y0(xi)− y(xi;αi j,βi j,Ci j))
2, (2.11)

where the ab-initio and model energy defined as y0 and y at dimer geometry xi.

Individual weight term, σi, was also determined to each dimer geometries based on

its interaction energy, (Eint). And for the last, σi was set to 1/y0 for Eint > 1 mH (2.6

kJ/mol) and to exp((1-y0)/5) for Eint ≤ 1 mH.
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2.3 Global and Local Geometry Optimization

In computational chemistry, the geometry optimization (also called energy mini-

mization) is a process to find an arrangement in the space of atoms where the net

inter-atomic force on each atom is close to zero. Figure 2.3 shows an example of an

global and local minimum points and with given vector r, which describes the position

of atoms, one can describe the concept of energy as a function of the positions, E(r).

By doing this, geometry optimization problem becomes a mathematical optimization

and can be used to find the value of r for which E(r) is at the local minimum. That is,

the derivative of the energy which respect to the positions of atoms. The main problem

in locating the global and local minima of a cluster is the presence of a large number of

local minima. These local points exponentially grows with the number of atoms in the

searched space. Therefore, the main goal of the global and local geometry optimization

is to escape from these local minima in a most efficient way. Computational demands

of local optimization algorithms are expensive, therefore, heuristic algorithms such

as Genetic Algorithm or Simulated Annealing (SA) are often used to locate global

minimum regions because of their relatively low computational demands. To resolve

the problem in locating the global minima, SA can manipulate the search domain to

find the best solution. In this work, we used SA algorithm to find the global minima of

adenine, thymine and adenine-thymine dimers and oligomers. Since SA might stuck

within the local minimum and ignore the global minimum, we recursively execute SA

search with a random set of initial points from our six-dimensional model to find the

global minimum of PES.

2.3.1 Simulated annealing

Simulated Annealing is a metaheuristic algorithm to approximate the global optimum

of a given function in large and discrete search spaces. Name Simulated Annealing

comes from annealing process in metallurgy which involves heating and controlled

cooling of a material to achieve desired crystal structure and material properties. SA

algorithm mimics the annealing and cooling process to achive global minimum of

given functions. The process starts with an initial temperature and this temperature

decreases down until the minimum temperature was achieved, as in real annealing.
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Figure 2.3 : Global and Local Minimum Points.

In Global Optimization, this process determined by Metropolis criteria [77] seen in

equation 2.12.

p = e
fi− f

′

Tk . (2.12)

In equation 2.12, fi, f
′

and Tk represents candidate point, current minimum and

temperature respectively. p determines the acceptance process and if p is lower or

higher than randomly generated value in the range of 0-1, than the new point will

accepted. Also, Tk decreases each Ns ∗Nt interactions so higher number of Ns and Nt

means higher possibilities to locate global minimum. New candidate points will be

evaluated in NS iterations with stepsize v and these evaluation repeated itself for Nt

times.

v
′
= v
(

1+ c
n/Ns−0.6

0.4

)
(2.13)

Psudo-code for SA algorithm can be seen bellow:

1. COMPUTE x
′
= xi + rvk

2. IF f (x
′
)< fi, ACCEPT , ELSE, compute p

′

3. IF p
′
< p, ACCEPT , ELSE, REJECT, j = j+1

4. IF j < Ns GO TO 1, ELSE, CONT.
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5. UPDATE v and k = k+1

6. IF k < Nt GO TO 1, ELSE, CONT.

7. reduce T ,

8. apply termination criteria,

9. IF ACCEPT, stop.

10. ELSE, GO TO 1
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3. RESULTS AND DISCUSSION

3.1 Selection of the Theoretical Method for PES

Selection of the theoretical method for calculating PES is vital for our future

steps. For this reason, we calculated the interaction energies of adenine,

thymine and adenine-thymine dimers with using MP2, SCS-MP2, B3LYP-D,

DFT-SAPT(PBE0AC) and DFT-SAPT(LPBE0AC). CCSD(T) calculations were used

for comparison of the performances of each method. The most accurate and fast

method will be selected for our future investigations.

3.1.1 Adenine dimers

Interaction energies were found with using CP-corrected supermolecular methods

(MP2,SCS-MP2, SCS-MI-MP2, B3LYP-D and CCSD(T)) and DFT–SAPT, as a

function of the intermolecular distance R. For H-bonded adenine dimer shown in

Figure 3.1. B3LYP-D overestimates interaction energies compared to CCSD(T) while

DFT-SAPT (PBE0AC) and SCS-MP2 gives better results. It still underestimates the

energies compared to CCSD(T) and SCS-MI-MP2 performs better than SCS-MP2.

DFT-SAPT (LPBE0AC) and SCS-MI-MP2 are in good agreement with CCSD(T).

For the stacked adenine shown in Figure 3.1, however, the performance of the used

methods differs. MP2 generally overestimates the interaction energies compared to

CCSD(T) and such performance of MP2 has already been reported for cytosine [46],

acetylene–furan [78], pyrazine and triazine dimers [79]. Even though SCS-MP2

corrects MP2, it still overestimates the interaction energies compared to CCSD(T).

SCS-MI-MP2 performs better than SCS-MP2 and with DFT-SAPT (LPBE0AC), they

are still in good agreement with CCSD(T).When these results were evaluated together,

we found that the closest results to CCSD(T) were obtained by LPBE0AC and it

was followed by SCS-MI-MP2. Table 3.2 shows us the interpolated energies and the

corresponding R distances of the PECs shown in Figure 3.2. From Figure 3.2, we can
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clearly see that the best alternative method for CCSD(T) is DFT–SAPT(LPBE0AC).

DFT–SAPT(LPBE0AC) shows minor differences for H-bonded and stacked dimers,

and followed by SCS-MI-MP2. Table 3.1 shows us the dependence between

interaction energies and basis set for the H-bonded and stacked dimers. In Table

3.1, we also showed that the extrapolated interaction energies to the complete basis

set (CBS) limit using aVTZ and aVQZ energies from the two-point formula of Bak et

al. [80]. Because of its very demanding nature, we could not employ these calculations

to the CCSD(T) and we employ a different method to overcome this, which is shown at

Janowski et al. [81]. For obtaining the extrapolated interaction energies, we assumed

that the difference between CCSD(T) and SCS-MP2 interaction energies was constant

and the CBS limit for CCSD(T) was determined by the addition of this difference to

the extrapolated SCS-MP2 energies. We assume that the using MP2 energies instead of

SCS-MP2 energies creates negligible effect in CCDS(T) energies. For calculating the

DFT-SAPT energies, we used only E(2)
disp and E(2)

exch−disp from the extrapolation formula

and the remaining terms were taken from aVQZ level. This approach was in good

agreement as shown in Figure 3.5. In this figure, we can clearly see that except E(2)
disp

and E(2)
exch−disp, the other energy components converges at the aug-cc-pVTZ basis set.

We extrapolated the electron correlation (Ecorr) and total interaction energy with MP2

(SCS-MP2 and SCS-MI-MP2) and B3LYP-D, respectively. As it is shown in Table 3.1,

the energies obtained from the MP2 (SCS-MP2 and SCS-MI-MP2) differs from the

aVTZ to aVQZ and from aVQZ to the CBS limit, respectively 4-7 kJ/mol for H-bonded

dimers. We also showed that the use of larger basis set in B3LYP-D has no effect on

the calculation of the interaction energies. For H-Bonded dimers, it is shown that the

SCS-MI-MP2 gives the best performance among the others. But for stacked dimers,

DFT-SAPT (LPE0AC) was more compatible with CCSD(T) than SCS-MI-MP2. All

these results indicate that DFT-SAPT (LPE0AC) can be used in the calculation of

potential energy surface (PES). There was also one feature of DFT-SAPT that we think

important; its ability to decompose the total energy into their components. This gives

us the easy way to determine which forces were responsible for the stabilizing factors

in the dimers. Figure 3.3 shows this effects. As indicated in this figure, E(2)
ind and E(2)

disp

were always been negative for H-bonded dimer but this changes for higher cms values

for the stacked dimer. It is shown that the magnitude of the contributions were changed
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(a) (b)
Figure 3.1 : Adenine dimers: a) H-bonded A, b) Stacked B.
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according to the following order, E(2)
exch−disp ≤ E(2)

exch−ind ≤ E(1)
exch. ≤ E(1)

exch. The share of

E(1)
exch in these terms is more than %70.
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Table 3.1 : Interaction Energies of Chosen Adenine Dimers. H-bonded Dimer A
(C.m.s. 6.13 Å ) and Stacked B (C.m.s. 3.25 Å ) with basis sets

aug-cc-pVXZ(X=D, T and Q). aug-cc-pVTZ and aug-cc-pVQZ were used
for the extrapolation of cbs

Isomer X Eint
MP2 SCSMP2 MI-MP2 B3LYPD PBE0 LPBE0 CCSD(T)

A D -83.09 -73.74 -81.46 -89.47 -72.40 -77.40 -78.51
T -87.76 -78.27 -84.74 -89.62 -73.45 -78.99
Q -89.47 -80.08 -85.71 -89.74 -74.42 -80.01

cbs* -90.66 -81.35 -86.35 -89.83 -75.07 -80.68 -83.4
B D -43.42 -26.75 -31.19 -30.66 -23.64 -27.22 -27.99

T -46.79 -29.65 -33.86 -31.66 -24.41 -28.15
Q -47.98 -30.76 -34.68 -31.69 -25.48 -29.25

cbs* -48.80 -31.53 -35.24 -31.71 -26.21 -30.01 -32.04
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Table 3.2 : Adenine A and B isomers for aug-cc-pvdz basis set with MP2, SCS-MP2,
SCS-MI-MP2, B3LYP-D, DFT-SAPT(PBE0AC), DFT-SAPT(LPBE0AC)
and CCSD(T) methods: Minimum energies and Center of mass distances

via spline interpolation.

Dimer Method C.m.s. Å kJ/mol
MP2 6.13 -83.10

SCS-MP2 6.21 -74.51
MI-MP2 6.13 -81.47

A B3LYP-D 6.11 -89.70
PBE0AC 6.20 -69.88

LPBE0AC 6.13 -74.84
CCSD(T) 6.19 -79.19

MP2 3.23 -43.52
SCS-MP2 3.41 -28.05
MI-MP2 3.37 -31.72

B B3LYP-D 3.23 -30.73
PBE0AC 3.44 -23.38

LPBE0AC 3.42 -26.34
CCSD(T) 3.41 -28.85

3.1.2 Thymine dimers

We used the same approach used in adenine dimers for calculating the PECs of the

thymine dimers. For H-bonded thymine dimer A shown in Figure 3.4, B3LYP-D

still overestimates interaction energies compared to CCSD(T), just like we saw in the

adenine H-bonded dimer. SCS-MP2 and DFT-SAPT(PBE0AC) are very close to each

other and gives similar results, but they both underestimates energies compared to

CCSD(T). SCS-MI-MP2 gives better results compared to B3LYP-D, SCS-MP2 and

DFT-SAPT(PBE0AC). Still, MP2 and DFT-SAPT(LPBE0AC) are the best methods

when we compare the interaction energies with the CCSD(T), as we observed in

adenine dimers. For stacked dimer B, however, SCS-MI-MP2 differs from CCSD(T)

by just 0.72kJ/mol and gives better results than MP2. DFT-SAPT(LPBE0AC) is still

the most accurate method and it differs from CCSD(T) by 0.39kJ/mol. When these

results were evaluated together, we showed that our previous observations in adenine

dimers still holds for the thymine dimers as well. The closest results to CCSD(T)

were obtained by LPBE0AC and it followed by SCS-MI-MP2. Table 3.3 shows us the
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(a) (b)
Figure 3.4 : Thymine dimers: a) H-bonded A, b) Stacked

interpolated energies and the corresponding R distances of the PECs shown in Figure

3.6. For calculating the DFT-SAPT energies, we used our previous approach shown

in adenine dimer and only used E(2)
disp and E(2)

exch−disp from the extrapolation formula.

Remaining terms were taken from aVQZ level as we did in adenine. This approach

was also in good agreement when it comes to thymine dimers and can be seen in

Figure 3.6. The energy components other than the E(2)
disp and E(2)

exch−disp converges on the

aug-cc-pVTZ basis set as we observed in adenine dimers. We extrapolated the electron

correlation,(Ecorr), for thymine bases as well and the total interaction energy with MP2

(SCS-MP2 and SCS-MI-MP2) and B3LYP-D. As it is shown in Table 3.4, the energies

obtained from MP2 (SCS-MP2 and SCS-MI-MP2) differs from the aVTZ to aVQZ

and from aVQZ to the CBS limit, respectively 1-6 kJ/mol for H-bonded dimers. We

also showed again that the use of larger basis sets in B3LYP-D has no effect on the

calculation of the interaction energies in thymine dimers as well. Also, we have shown

that the SCS-MI-MP2 gives the best performance among others for H-Bonded dimers.

But for stacked dimers, DFT-SAPT (LPE0AC) was more compatible with CCSD(T)

than SCS-MI-MP2. All these results indicate that DFT-SAPT (LPE0AC) can also be

used in the calculation of potential energy surface (PES) of thymine.
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Adenine and Thymine dimers.
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Table 3.3 : Thymine A and B isomers for aug-cc-pVDZ basis set with MP2,
SCS-MP2, SCS-MI-MP2, B3LYP-D, DFT-SAPT(PBE0AC),

DFT-SAPT(LPBE0AC) and CCSD(T) methods: Minimum energies and
Center of mass distances via spline interpolation.

Dimer Method C.m.s. Å kJ/mol
MP2 6.58 -78.12

SCS-MP2 6.58 -70.10
MI-MP2 6.60 -81.86

A B3LYP-D 6.57 -89.25
PBE0AC 6.68 -70.78

LPBE0AC 6.50 -74.87
CCSD(T) 6.59 -78.38

MP2 3.96 -23.92
SCS-MP2 3.93 -15.88
MI-MP2 3.99 -18.63

B B3LYP-D 3.98 -20.71
PBE0AC 4.30 -15.01

LPBE0AC 4.00 -18.96
CCSD(T) 3.99 -19.35

3.1.3 Adenine-Thymine dimers

The same approach used in adenine and thymine bases were also used on

adenine-thymine and our results are similar to the previous applications. For H-bonded

adenine-thymine dimer A shown in Figure 3.7, MP2, SCS-MI-MP2 and DFT-SAPT

(LPBA0AC) gives the best results. B3LYP-D still overestimates the interaction

energies while MP2 and DFT-SAPT(PBE0AC) underestimate in contrast to CCSD(T).

In stacked B shown in Figure 3.7 however, MP2 performs worse than B3LYP-D as

we also observed in adenine and thymine dimers. Table 3.5 shows us the interpolated

energies and the corresponding R distances of the PECs shown in Figure 3.8. the

DFT-SAPT energies calculated as the same way with adenine and thymine dimers and

achieved results can be seen in Figure 3.9. Remaining terms were taken from aVQZ

level as we did in adenine and thymine dimers. This approach was again proved itself

and in good agreement when it comes to adenine-thymine dimers as well. Figure 3.9

shows this fact clearly and as it can be seen, the energy components other than the E(2)
disp

and E(2)
exch−disp converges on the aug-cc-pVTZ basis set. Electron correlation energy
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(a) (b)
Figure 3.7 : Adenine-Thymine dimers: a) H-bonded A, b) Stacked

Table 3.4 : Interaction Energies of Chosen H-bonded Tymine A (C.m.s. 6.59 Å ) and
Stacked B (C.m.s. 3.52 Å ) with basis sets aug-cc-pVXZ(X=D, T and Q).

aug-cc-pVTZ and aug-cc-pVQZ were used for the extrapolation of cbs

Isomer X Eint
MP2 SCSMP2 MI-MP2 B3LYPD PBE0 LPBE0 CCSD(T)

A D -78.14 -70.28 -81.93 -88.96 -70.38 -76.51 -78.37
T -82.93 -74.78 -85.39 -89.58 -74.55 -80.95
Q -84.84 -76.78 -86.56 -89.90 -75.71 -82.22

cbs* -86.01 -78.02 -87.21 -90.12 -76.31 -82.82 -83.4
B D -13.63 0.84 -3.15 -10.28 -0.22 -4.42 -4.08

T -18.55 -3.43 -6.97 -10.62 -4.77 -9.22
Q -20.08 -4.86 -7.99 -10.67 -6.18 -10.68

cbs* -21.13 -5.87 -8.70 -10.72 -7.18 -11.73 -9.63

(Ecorr) extrapolated for adenine-thymine bases as well, and total interaction energy

with MP2 (SCS-MP2 and SCS-MI-MP2) and B3LYP-D was calculated with the same

fashion. As it is shown in Table 3.4, the energies obtained from the MP2 (SCS-MP2

and SCS-MI-MP2) differs from the aVTZ to aVQZ and from aVQZ to the CBS limit,

respectively by 4-7 kJ/mol for H-bonded and by 2-5 kJ/mol for stacked dimers. Usage

of larger basis sets in B3LYP-D still has no effect on the calculation of the interaction

energies as we observed in adenine and thymine dimers.
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Table 3.5 : Adenine-Thymine A and B isomers for aug-cc-pvdz basis set with MP2,
SCS-MP2, SCS-MI-MP2, B3LYP-D, DFT-SAPT(PBE0AC),

DFT-SAPT(LPBE0AC) and CCSD(T) methods: Minimum energies and
Center of mass distances via spline interpolation.

Dimer Method C.m.s. Å kJ/mol
MP2 6.22 -79.53

SCS-MP2 6.25 -71.15
MI-MP2 6.23 -80.43

A B3LYP-D 6.207 -87.66
PBE0AC 6.29 -68.97

LPBE0AC 6.22 -74.63
CCSD(T) 6.34 -79.41

MP2 3.42 -32.66
SCS-MP2 3.34 -19.39
MI-MP2 3.48 -24.26

B B3LYP-D 3.48 -26.01
PBE0AC 3.46 -19.88

LPBE0AC 3.51 -22.23
CCSD(T) 3.49 -23.93

Table 3.6 : Interaction Energies of Chosen H-bonded Tymine A (C.m.s. 6.59 Å ) and
Stacked B (C.m.s. 3.52 Å ) with basis sets aug-cc-pVXZ(X=D, T and Q).

aug-cc-pVTZ and aug-cc-pVQZ were used for the extrapolation of cbs

Isomer X Eint
MP2 SCSMP2 MI-MP2 B3LYPD PBE0 LPBE0 CCSD(T)

A D -79.42 -70.99 -80.24 -87.44 -69.01 -74.56 -77.32
T -83.97 -75.33 -83.52 -87.80 -72.96 -78.79
Q -85.70 -77.15 -84.55 -88.08 -73.99 -79.90

cbs* -88.83 -78.35 -85.18 -88.24 -74.65 -80.37 -82.26
B D -31.55 -20.87 -24.03 -24.96 -19.67 -22.31 -23.92

T -33.72 -22.73 -25.72 -25.54 -21.64 -24.39
Q -35.59 -24.55 -25.58 -26.29 -21.87 -24.67

cbs* -36.38 -25.32 -25.52 -26.61 -22.47 -25.27 -25.63
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3.2 Fitting Potential Energy Surfaces of DNA Bases

In summary, for all considered adenine, thymine, and adenine-thymine dimers, the

most compatible method with CCSD(T) was found to be DFT-SAPT(LPBE0AC),

which was followed by SCS-MI-MP2. Due to this superior performance of DFT-SAPT

(LPBE0AC), potential energy surfaces of these dimers will be calculated by this

method.

3.2.1 Adenine intermolecular function

In order to calculate the six dimensional potential energy surface (PES) of adenine

dimer, we used CC2/aug-cc-pVTZ optimized fixed geometry of adenine monomer as

shown in Figure 3.10. The first dimension, R, defines the center of mass(cms)distances

between monomers. R was defined as following set of distances R=3.0, 4.0,5.0,

6.0, 7.0, 9.0 and 12.0 Å. Two polar angles with [0, 45 and 90◦] and [29.29, 88.08,

152.34, 171.93, 203.84, 249.03, 271.03, 313.16 and 350.80◦] was defined to vary the

position of the center of mass vector. As it can be seen, the second polar angle has an

unregular grid. The reason of the employment such gird is to allow the second adenine

to settle around the hydrogens and nitrogens of the first adenine. In order to define

the orientation of the second adenine monomer, we defined three polar angles,[0, 45,

90 and 270◦] and [0, 45, 90, 135,180, 225, 270 and 315◦]. This angles allows us

to generate h-bonded and stack adenine dimers. After the elimination processes of

symmetric and close-contact orientations, this grid generated 7286 dimer geometries.

The interaction energies of these geometries in the computational grid were calculated

with the DFT–SAPT(LPBE0AC)/aVDZ. We used the Levenberg–Marquardt nonlinear

weighted least squares method for fitting. In the end of these calculations, we obtained

parameters listed in Table 3.7. When all the grid points were taken into account, the

standard deviation of fit was obtained as 16.01 kJ/mol. But when the interaction energy

Eint is less than or equal to 2.6 kJ/mol, which is true for 5897 dimer structures, the

standard deviation of this fit was obtained as 1.70 kJ / mol. In this case, the standard

deviation for the other 1386 dimer structures was obtained as 36.51 kJ/mol. Figure 3.11

and 3.11 compares the model potential with DFT-SAPT (LPBE0AC)/aug-cc-pVDZ.

As it can be seen from these figures, our fitting is quite successful, especially for the
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Figure 3.10 : Adenine Monomer.

Table 3.7 : Fitted parameters for Adenine potential energy function. Here, parameters
have been given in "bohr" and shown as "b". "H" is used for "Hartree".

"i" and " j" represent the site of first and second adenine monomer,
respectively.

i-j α[H] β [b−1] C[Hb6] c[b]
C-C -2.177 0.901 430.967 1.60
C-H -0.224 0.944 26.554 1.20
C-N -0.002 0.082 97.777 1.75
N-H 0.004 0.097 4.571 1.25
N-N -0.383 0.657 239.596 1.00
H-H -0.007 0.140 6.395 1.25

low-energy dimer structures. However, for structures with an interaction energy Eint >

30 kJ/mol, the fitting performance has begun to fall. This showed us that our fitting is

promising, especially for the low-energy dimer structures.

3.2.2 Thymine and Adenine-Thymine intermolecular functions

The same fitting approach used in adenine dimers was also used for thymine and

adenine-thymine dimers. The same R distances R=3.0, 4.0,5.0, 6.0, 7.0, 9.0 and

12.0 Å was used for both thymine and mobile thymine monomer of adenine-thymine

dimers. Two polar angles defined as [0, 45 and 90◦] and [3.95, 61.91, 127.92, 195.74,

257.46, 310.37 and 335.19◦] for thymine and [0, 45 and 90◦] and [29.29, 88.08, 152.34,

171.93, 203.84, 249.03, 271.03, 313.16 and 350.79◦] for mobile thymine to vary the

position of the center of mass vector. Three polar angles,[0, 45, 90 and 270◦] and [0,

45, 90, 135,180, 225, 270 and 315◦] defines the orientation of the second thymine and

mobile thymine monomers as we also discussed in adenine intermolecular function.

After the elimination process of symmetric and close-contact orientations, thymine

grid generated 4412 dimer geometries and adenine-thymine grid generated 6390 dimer
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(Comparison) (Deviations)
Figure 3.11 : Comparison and deviations of the Adenine model and the

DFT-SAPT(LPBE0AC)/aVDZ interaction energies.
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Figure 3.12 : Comparison and deviations of the Thymine model and the

DFT-SAPT(LPBE0AC)/aVDZ interaction energies.

geometries. Table 3.8 and Table 3.9 show the obtained parameters for thymine and

adenine-thymine dimers. Also, Figure 3.12 compares the thymine model potential

with DFT-SAPT (LPBE0AC)/aug-cc-pVDZ.
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Table 3.8 : Fitted parameters for Thymine potential energy function. Here,
parameters have been given in "bohr" and shown as "b". "H" is used for

"Hartree". "i" and " j" represent the site of first and second adenine
monomer, respectively.

i-j α[H] β [b−1] C[Hb6] c[b]
C-C -0.293 0.702 224.806 1.00
C-H -1.862x10e-5 0.046 10.781 0.25
C-N -2.855x10e-5 0.252 16.456 1.00
C-O -0.068 0.661 85.961 1.00
N-H 0.031 0.579 21.321 0.75
H-O -0.337 1.111 12.449 1.00
N-N -3.471 0.996 440.497 1.00
N-O -0.326 0.674 200.234 1.00
H-H -0.036 0.799 6.087 1.00
O-O -0.789 0.966 161.944 1.15

Table 3.9 : Fitted parameters for Adenine-Thymine potential energy function. Here,
parameters have been given in "bohr" and shown as "b". "H" is used for

"Hartree"."i" and " j" represent the site of first and second adenine
monomer, respectively.

i-j α[H] β [b−1] C[Hb6] c[b]
C-C -0.238 0.785 107.88 1.00
C-H -0.290 1.03 30.18 1.00
C-N -0.002 0.26 44.26 1.00
N-H -0.012 0.54 6.68 1.00
N-N -1.08 0.78 443.90 1.00
H-H -0.009 0.67 5.90 1.00
O-H -0.007 0.42 5.09 1.00
O-N -2.59 0.968 394.00 1.00
O-C -0.227 0.72 127.13 1.00
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3.3 Global Optimization of the DNA Bases via Simulated Annealing

Global optimization of the DNA bases is the main objective of this thesis and previous

steps are essential for achieving to this target. From now on, we use the fitting

parameters for each DNA base to uncover the most stable adenine, thymine and

adenine-thymine dimers and oligomers. We used SA [82] implementation to search

the resulting 6-dimensional PES calculated with DFT-SAPT and the approval of the

movement on the PES determined by Metropolis criterion [77] and the annealing

temperature was taken as half of the previous steps.

3.3.1 Adenine clusters

3.3.1.1 Dimer

We detected 12 different adenine dimer structures with our model shown in Figure

3.13. We achive our primary objective and have found the previously reported

structures in the in the literature [6, 7, 69, 83]. Our model also be able to detect

reported as Self-assembled adenine-dimer chains on Cu (110) in Preuss et al. [84]

and these oriantations named as A-2(1), A-2(10) and A-2(11). Proposed force field

even manages to genarete new two stacked and six H-bonded structures, A-2(6),

A-2(8) and A-2(4), A-2(10) respectively. This is a sign that our current potential

works very well for adenine dimers. Resulting adenine dimer structures further

relaxed with PBE, SCS-MP2 and CP-SCS-MP2 using aug-cc-pVDZ basis set to

clarify the quality of the predicted orientations. Structures obtained from SA

were slightly changed upon the ab-initio relaxations, however, A-2(4) and A-2(8)

changes their orientations again, after the SCS-MP2/aVDZ optimization. A-2(4)

transformed into stacked orientation after SCS-MP2 and CP-SCS-MP2, while A-2(8)

transformed into a H-bonded orientation. There was also a notable difference in

A-2(7) after SCS-MP2/aVDZ relaxations, but it preserved its planarity. In Table 3.10,

we showed that the interaction energies obtained from B3LYP-D, MP2, SCS-MP2,

SCS-MI-MP2, DFT–SAPT(PBE0AC) and DFT–SAPT(LPBE0AC) using aVDZ basis

set. We showed that B3LYP-D overestimates the interaction energies and MP2 and

SCS-MI-MP2 were quite good agreement for H-bonded structures. For stacked
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geometries, B3LYP-D generally overestimates the interaction energies about 10 kJ/mol

for such orientations and SCS-MP2 gives the best results in between MP2-based

methods. LPBE0AC is in agreement with SCS-MI-MP2 while generating lower

interaction energies than PBE0AC. Genarally, the magnitude of the interaction

energy was obtained in the following order: B3LYP-D < MP2 ≈ SCS-MI-MP2 ≈

DFT–SAPT(LPBE0AC)< SCS-MP2 ≈ DFT–SAPT(PBE0AC). Our model predicted

A-2(1) as the lowest energy orientation, lower than 10 and 15 kJ/mol from the closest

orientations A-2(2) and A-2(3) respectively, and this was unchanged for all ab-initio

calculations. The lowest energy order remains the same for all ab-initio calculations

and this can be seen in Table 3.10. This agreement can gives us an idea about

the prediction power of our model potential. In order to confirm this, we further

calculated the interaction energies of dimers that optimized in CP-SCS-MP2/aVDZ.

As it can be seen in Table 3.10, A-2(1) is still the lowest energy after the CP-SCS-MP2

relaxation. A-2(1) was followed by A-2(4), A-2(3) and A-2(2). Result of these

calculations shows that the lowest energy orientation is indeed A-2(1) and, we can

say that our model successfully located the structures in the literature [6, 7, 69, 83]

and their corresponding energy ordering generally stays same when compared with

CP-SCS-MP2 relaxed geometries. For adenine dimers, AMBER and our model are

in good agreement for most cases but AMBER performs slightly worse for H-bonded

geometries like A-2(9) and A-2(12) when we compare it to our force field, which is

in good agreement with ab-initio calculations. When the suggested geometries relaxed

with CP-SCS-MP2/aVDZ level, AMBER has been able to give more accurate results

in contrast to its previous performance. These results give us the opportunity to extend

our model for the lager DNA homo-oligomers.
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A-2(1) A-2(2) A-2(3)

A-2(4) A-2(5) A-2(6)

A-2(7) A-2(8) A-2(9)

A-2(10) A-2(11) A-2(12)

A-2(13)

Figure 3.13 : Adenine dimer structures found by the SA approach.
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Table 3.10 : Interaction energy calculations (at B3LYP-D, MP2, SCS-MP2,
SCS-MI-MP2, AMBER, DFT-SAPT(PBE0AC) and

DFT-SAPT(LPBE0AC) using aVDZ) of adenine dimers shown in Figure
3.13.

Dimer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 PBE0AC LPBE0AC AMBER Model
A-2(1)a -80.28 -74.76 -66.16 -72.92 -62.38 -67.07 -66.89 -60.99
A-2(2)a -64.95 -58.17 -50.70 -55.85 -48.61 -52.43 -55.47 -50.57
A-2(3)a -58.03 -52.69 -45.40 -50.38 -43.82 -47.38 -47.67 -45.00
A-2(4)a -53.58 -49.11 -41.44 -46.68 -40.33 -43.64 -47.31 -43.03
A-2(5)a -54.04 -58.17 -39.16 -43.20 -30.23 -41.59 -46.20 -42.51
A-2(6)a -38.16 -49.77 -35.11 -39.27 -35.70 -33.27 -41.57 -40.30
A-2(7)a -34.61 -42.45 -36.03 -39.94 -26.92 -38.51 -39.92 -38.04
A-2(8)a -53.58 -45.50 -31.42 -35.48 -38.60 -29.97 -40.00 -36.89
A-2(9)a -46.52 -42.36 -35.66 -41.37 -35.05 -38.39 -16.98 -35.02

A-2(10)a -42.16 -38.03 -31.33 -35.40 -31.29 -33.81 -35.99 -34.03
A-2(11)a -18.76 -37.07 -31.17 -35.95 -30.65 -32.96 -30.83 -29.85
A-2(12)a -34.25 -29.28 -23.42 -28.00 -24.27 -26.97 -10.17 -27.99
A-2(13)a -25.13 -20.10 -14.31 -18.72 -16.05 -18.69 -10.73 -23.08
A-2(1)b -92.39 -86.45 -76.96 -84.84 -71.54 -76.89 -69.68 -60.25
A-2(2)b -71.61 -65.74 -57.79 -63.69 -55.46 -59.61 -59.19 -46.45
A-2(3)b -72.10 -66.42 -58.57 -64.35 -55.56 -59.72 -53.40 -46.48
A-2(4)b -71.97 -66.60 -58.83 -64.59 -62.59 -61.93 -37.43 -47.18
A-2(5)b -63.28 -55.37 -48.76 -52.98 -31.28 -33.69 -43.69 -42.93
A-2(6)b -44.48 -56.91 -38.86 -44.32 -33.45 -37.04 -35.66 -40.89
A-2(7)b -57.17 -51.66 -45.73 -49.37 -44.73 -47.92 -53.37 -38.19
A-2(8)b -45.97 -58.89 -40.06 -46.18 -38.27 -39.28 -48.79 -37.87
A-2(9)b -53.05 -49.45 -42.88 -49.12 -31.28 -44.77 -34.52 -32.63

A-2(10)b -53.42 -48.78 -42.06 -46.43 -41.39 -44.15 -41.51 -36.42
A-2(11)b -46.90 -42.50 -36.60 -41.49 -41.33 -38.57 -33.86 -28.44
A-2(12)b -40.73 -36.81 -31.66 -35.57 -31.28 -33.69 -27.31 -26.44
A-2(13)b -33.95 -30.34 -25.45 -29.02 -25.80 -27.98 -27.29 -24.81

a Using model geometries.
b Using CP-SCS-MP2/aVDZ geometries.
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3.3.1.2 Trimer

For adenine, thymine and adenine-thymine trimers and beyond, the total interaction

energies in the SA approach was calculated by summing all possible dimer interactions

in the system as shown in the following formula:

∆ECP
int = EABC

ABC −EABC
A −EABC

B −EABC
C (3.1)

These total trimer interaction energy may be broken down into two- and three-body

components as follows:

∆
2ECP

int,AB = EABC
AB −EABC

A −EABC
B (3.2)

∆
2ECP

int,AC = EABC
AC −EABC

A −EABC
C (3.3)

∆
2ECP

int,BC = EABC
BC −EABC

B −EABC
C (3.4)

The total interaction energy is then written as a sum of these two-body interaction

energies plus a three-body interaction energy,

∆ECP
int = ∆

2ECP
int,AB +∆

2ECP
int,AC +∆

2ECP
int,BC +∆

3ECP
int,ABC (3.5)

where ∆ECP
int is the total trimer interaction energy, ∆2ECP

int,AB, ∆2ECP
int,AC and ∆2ECP

int,BC are

the two-body components and ∆3ECP
int,ABC is the three-body term. Our model predicted

11 adenine trimers shown in Figure 3.14 and predicted structures were relaxed with

only SCS-MP2/aVDZ because of the high computational demand. Amongst them,

the most stable adenine trimers, A-3(1), A-3(2) and A-3(7) are a combination of

the lowest energy adenine dimers A-2(1), A-2(2), A-2(3), respectively. Other trimer

structures also contain at least one of the dimer motif. All found structures are

planar except A-3(1) and A-3(5) which contains stacking interactions. This structures

were further relaxed at SCS-MP2 levels employing aVDZ basis set and no significant

change has been observed except A-3(5) which transform itself to the already located,
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A-3(1). Interaction energies of the SCS-MP2 corrected geometries were calculated

at B3LYP-D, MP2, SCS-MP2, SCS-MI-MP2 levels with aVDZ basis set and this

was listed in Table 3.11. To sum it up, we can say that our model has predicted

A-3(1) as the lowest energy in respect to A-3(2) by 0.38 kJ/mol. Ab-initio interaction

energy computations also showed us that A-3(2) is slightly lower in energy than the

predicted geometry, A-3(1). SCS-MP2 optimized structures in the interaction energy

computations also changed our ordering and it agrees with the previously reported

ab-initio calculations. As we stated above, we neglected the many-body effects for the

calculation of the total interaction energy. But we computed the individual two- and

three-body interactions of our trimers shown in Figure 3.14. Neglecting the ∆3ECP
int,ABC

term has shown no significant effect and ∆3ECP
int,ABC is only negative if three adenine

monomers are close to each other. AMBER, on the other hand prefers A-3(1) for

the lowest energy like our model, in contrast to ab-inito calculations which prefer

A-3(2). Also, AMBER still overestimates H-bonded geometries like A-3(7),A-3(9)

and A-3(11) and corrects its predictions when SCS-MP2/aVDZ relaxed geometries

taken into an acount, just like we observed in adenine dimers.

33



A-3(1) A-3(2) A-3(3)

A-3(4) A-3(5) A-3(6)

A-3(7) A-3(8) A-3(9)

A-3(10) A-3(11)

Figure 3.14 : Adenine trimer structures found by the SA approach.
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Table 3.11 : Interaction energy calculations (at B3LYP-D, MP2, SCS-MP2,
SCS-MI-MP2, AMBER, DFT-SAPT(PBE0AC) and

DFT-SAPT(LPBE0AC) using aVDZ) of adenine trimers shown in
Figure 3.14.

Trimer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
A-3(1)a -128.46 -136.15 -106.94 -120.26 -124.64 -112.07
A-3(2)a -143.25 -131.07 -114.99 -126.72 -120.48 -111.69
A-3(3)a -108.50 -117.27 -90.60 -102.13 -112.44 -109.75
A-3(4)a -129.11 -115.75 -100.75 -111.04 -110.12 -100.20
A-3(5)a -131.57 -119.65 -104.61 -115.24 -107.60 -99.15
A-3(6)a -126.20 -114.11 -99.19 -109.44 -104.35 -97.13
A-3(7)a -125.98 -116.44 -101.1 -113.56 -84.78 -96.69
A-3(8)a -120.04 -109.16 -93.85 -103.90 -102.0 -95.70
A-3(9)a -112.25 -101.24 -86.98 -97.91 -74.47 -86.66

A-3(10)a -108.92 -98.03 -83.78 -94.21 -83.34 -86.66
A-3(11)a -106.49 -97.36 -82.93 -93.82 -65.00 -82.53
A-3(1)b -150.43 -157.83 -121.39 -138.87 -124.25 -115.60
A-3(2)b -166.36 -153.58 -136.16 -149.67 -127.14 -118.35
A-3(3)b -150.43 -157.83 -121.39 -138.87 -124.24 -115.60
A-3(4)b -153.26 -139.57 -123.50 -135.30 -117.39 -107.35
A-3(5)b -154.53 -141.46 -124.87 -137.35 -114.14 -104.85
A-3(6)b -154.06 -140.82 -124.34 -136.67 -113.55 -105.86
A-3(7)b -143.56 -133.77 -117.60 -131.27 -103.33 -100.22
A-3(8)b -142.44 -131.09 -114.76 -126.14 -110.60 -103.1
A-3(9)b -129.52 -118.91 -104.31 -115.81 -93.91 -91.93

A-3(10)b -124.78 -114.35 -99.64 -110.60 -93.94 -89.98
A-3(11)b -127.30 -117.92 -102.92 -114.89 -88.82 -87.85

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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Table 3.12 : Total (∆ECP
int ), two-body (∆2ECP

int,AB, ∆2ECP
int,AC and ∆2ECP

int,BC) and
three-body (∆3ECP

int,ABC) interaction energies (calculated at B3LYP-D,
MP2, SCS-MP2 and SCS-MI-MP2 using aVDZ) of adenine trimers

shown in Figure 3.14.

Method Interaction A-3(1)a A-3(2)a A-3(3)a A-3(4)a A-3(5)a

∆ECP
int -128.45 -143.25 -108.50 -129.11 -131.57

∆2ECP
int,AB -20.15 -64.93 -42.25 -65.01 -49.02

B3LYP-D ∆2ECP
int,AC -76.39 -80.27 -49.95 0.84 -80.29

∆2ECP
int,BC -32.83 1.90 -18.76 -64.92 -0.91

∆3ECP
int,ABC 0.92 0.05 2.45 -0.018 1.34

∆ECP
int -136.15 -131.07 -117.27 -115.75 -119.95

∆2ECP
int,AB -28.40 -58.17 -40.96 -58.27 -42.63

MP2 ∆2ECP
int,AC -71.64 -74.78 -48.07 0.82 -74.76

∆2ECP
int,BC -37.57 2.02 -30.12 -58.14 -0.94

∆3ECP
int,ABC 1.47 -0.14 1.89 -0.16 -1.32

∆ECP
int -106.94 -114.99 -90.60 -100.75 -104.60

∆2ECP
int,AB -17.84 -50.71 -35.07 -50.80 -36.23

SCS-MP2 ∆2ECP
int,AC -62.76 -66.20 -41.43 0.85 -66.12

∆2ECP
int,BC -27.60 2.04 -15.73 -50.66 -0.91

∆3ECP
int,ABC 1.25 -0.12 1.64 -0.14 -1.35

∆ECP
int -120.26 -126.72 -102.13 -111.04 -115.24

∆2ECP
int,AB -20.51 -55.85 -38.76 -55.95 -40.12

SCS-MI-MP2 ∆2ECP
int,AC -69.49 -72.94 -45.89 0.84 -72.91

∆2ECP
int,BC -31.68 2.13 -0.90 -55.84 -73.02

∆3ECP
int,ABC 1.43 -0.06 1.86 -0.11 -1.31

A-3(1)b A-3(2)b A-3(3)b A-3(4)b A-3(5)b

∆ECP
int -150.43 -166.36 -150.43 -153.26 -154.53

∆2ECP
int,AB -25.97 -77.11 -36.46 -77.00 -59.74

B3LYP-D ∆2ECP
int,AC -89.69 -91.49 -89.69 1.01 -91.91

∆2ECP
int,BC -36.45 2.06 -25.97 -77.21 -1.03

∆3ECP
int,ABC 1.69 0.18 1.69 -0.05 -1.86

∆ECP
int -157.83 -153.58 -157.83 -139.57 -141.46

∆2ECP
int,AB -34.23 -70.18 -42.45 -70.09 -52.84

MP2 ∆2ECP
int,AC -83.56 -85.53 -83.55 0.99 -85.70

∆2ECP
int,BC -42.45 2.19 -34.24 -70.23 -1.07

∆3ECP
int,ABC 2.40 -0.068 2.40 -0.24 -1.85

∆ECP
int -121.39 -136.16 -121.39 -123.50 -124.87

∆2ECP
int,AB -20.61 -62.21 -29.37 -62.10 -45.90

SCS-MP2 ∆2ECP
int,AC -73.46 -76.11 -73.45 1.03 -76.04

∆2ECP
int,BC -29.37 2.21 -20.60 -62.21 -1.04

∆3ECP
int,ABC 2.04 -0.05 2.035 -0.21 -1.88

∆ECP
int -138.87 -149.67 -138.87 -135.30 -137.35

∆2ECP
int,AB -24.66 -68.07 -34.69 -68.00 -50.37

SCS-MI-MP2 ∆2ECP
int,AC -81.82 -83.95 -81.81 1.02 -84.13

∆2ECP
int,BC -34.69 2.31 -24.66 -68.14 -1.03

∆3ECP
int,ABC 2.30 0.04 2.30 -0.18 -1.83

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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Table 3.13 : Total (∆ECP
int ), two-body (∆2ECP

int,AB, ∆2ECP
int,AC and ∆2ECP

int,BC) and
three-body (∆3ECP

int,ABC) interaction energies (calculated at B3LYP-D,
MP2, SCS-MP2 and SCS-MI-MP2 using aVDZ) of adenine trimers

shown in Figure 3.14.

Method Interaction A-3(6)a A-3(7)a A-3(8)a A-3(8)a A-3(10)a A-3(11)a

∆ECP
int -126.20 -125.98 -120.042 -112.25 -108.92 -106.49

∆2ECP
int,AB -58.08 -46.76 -1.10 -41.40 -65.28 -46.33

B3LYP-D ∆2ECP
int,AC -1.33 1.53 -57.70 -73.91 -5.64 -1.13

∆2ECP
int,BC -65.00 -80.34 -65.03 -46.69 -39.12 -58.07

∆3ECP
int,ABC -1.79 -0.41 3.79 0.45 1.13 -0.96

∆ECP
int -114.11 -116.44 -109.16 -101.24 -98.03 -97.36

∆2ECP
int,AB -52.73 -42.70 1.53 -1.32 -58.59 -42.14

MP2 ∆2ECP
int,AC -1.44 1.25 -52.90 -57.92 -6.35 -1.78

∆2ECP
int,BC -58.17 -74.86 -58.43 -42.57 -34.62 -52.66

∆3ECP
int,ABC -1.77 -0.13 0.64 0.58 1.53 -0.78

∆ECP
int -99.19 -101.10 -93.85 -86.98 -83.78 -82.94

∆2ECP
int,AB -45.38 -36.06 2.26 -1.29 -51.01 -35.45

SCS-MP2 ∆2ECP
int,AC -1.39 1.44 -45.61 -50.40 -5.84 -1.45

∆2ECP
int,BC -50.63 -66.26 -51.05 -35.84 -28.37 -45.24

∆3ECP
int,ABC -1.78 -0.22 0.54 0.54 1.45 -0.79

∆ECP
int -109.44 -113.56 -103.90 -97.91 -94.21 -93.81

∆2ECP
int,AB -50.41 -41.70 2.09 -1.28 -56.24 -41.14

SCS-MI-MP2 ∆2ECP
int,AC -1.39 1.36 -50.58 -55.58 -5.91 -1.51

∆2ECP
int,BC -55.84 -73.02 -56.13 -41.57 -33.55 -50.35

∆3ECP
int,ABC -1.80 -0.19 0.72 0.53 1.49 -0.81

A-3(7)b A-3(8)b A-3(9)b A-3(20)b A-3(11)b A-3(12)b

∆ECP
int -154.06 -143.56 -142.44 -129.52 -124.79 -127.30

∆2ECP
int,AB -72.30 -52.86 2.09 -1.25 -75.92 -53.05

B3LYP-D ∆2ECP
int,AC -1.45 1.28 -70.24 -76.5 -6.22 -1.14

∆2ECP
int,BC -77.72 -91.22 -75.69 -52.42 -43.75 -71.41

∆3ECP
int,ABC -2.60 -0.75 1.39 0.74 1.1 -1.69

∆ECP
int -140.82 -133.77 -131.09 -118.91 -114.35 -117.92

∆2ECP
int,AB -66.28 -49.29 1.28 -1.33 -69.16 -49.37

MP2 ∆2ECP
int,AC -1.57 1.09 -64.58 -69.57 -7.01 -1.63

∆2ECP
int,BC -70.41 -85.14 -68.87 -48.90 -39.66 -65.46

∆3ECP
int,ABC -2.56 -0.42 1.09 0.88 1.48 -1.46

∆ECP
int -124.34 -117.60 -114.76 -104.31 -99.64 -102.92

∆2ECP
int,AB -58.12 -42.73 1.95 -1.29 -61.06 -42.72

SCS-MP2 ∆2ECP
int,AC -1.52 1.23 -56.71 -61.54 -6.42 -1.40

∆2ECP
int,BC -62.13 -75.57 -60.99 -42.31 -33.55 -57.32

∆3ECP
int,ABC -2.58 -0.53 1.00 0.84 1.38 -1.48

∆ECP
int -136.67 -131.27 -126.14 -115.81 -110.59 -114.89

∆2ECP
int,AB -64.23 -48.39 1.80 -1.28 -66.94 -48.47

SCS-MI-MP2 ∆2ECP
int,AC -1.52 1.16 -62.42 -67.43 -6.52 -1.47

∆2ECP
int,BC -68.32 -83.54 -66.72 -47.93 -38.58 -63.42

∆3ECP
int,ABC -2.60 -0.51 1.20 0.84 1.46 -1.53

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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3.3.1.3 Tetramer

We predicted 17 different adenine tetrads, including stacked, filament(chain) and

planar geometries shown in Figure 3.15. All of the resulting tetramers were further

relaxed at SCS-MP2/aVDZ level and the interaction energies were listed in Table

3.14. After the relaxation, only A-4(16) changes its angular oriantetion while others

preserved their geometries. The model potential preferred the H-bonded A-4(1) over

the filament and planar structures. A-4(1) differs from A-4(2), A-4(3) and A-4(4) by

-6.95,-23.27 and -25.57 kJ/mol respectively. B3LYP-D agrees with our model and

favours A-4(1), however, for MP2, SCS-MP2 and SCS-MP2, A-4(1) takes the second

place, after A-4(2). AMBER still has problems with H-bonded structures, especially

for A-4(7), A-4(8) and A-4(13), which are lower in energy in contrast to our model

and all ab-initio calculations. Employment of SCS-MP2 optimized structures altered

the energy ordering both at the model and other ab-initio levels. A-4(16) has changed

its angular orientation after the employment of SCS-MP2 relaxation and becomes a

much more stable structure. Our model still prefers A-4(1) as the lowest energy but

all ab-initio calculations show otherwise. A-4(2) was preferred as the lowest energy

structure in all ab-initio calculations and it was followed by A-4(1). MP2 and our

model favoured A-4(5) over A-4(6) which becomes reversed in the terms of energy in

B3LYP-D, SCS-MP2 and SCS-MI-MP2. In contrast to all methods, AMBER prefers

the stacked A-4(3), A-4(7), A-4(8) and A-4(16) as the most stable isomers while all

ab-initio calculations and our model disagree.
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A-4(1) A-4(2) A-4(3)

A-4(4) A-4(5) A-4(6)

A-4(7) A-4(8) A-4(9)

A-4(10) A-4(11) A-4(12)

A-4(13) A-4(14) A-4(15)

A-4(16) A-4(17)

Figure 3.15 : Adenine tetramer structures found by the SA approach.
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Table 3.14 : Interaction energy calculations (at B3LYP-D, MP2, SCS-MP2,
SCS-MI-MP2, AMBER, DFT-SAPT(PBE0AC) and

DFT-SAPT(LPBE0AC) using aVDZ) of adenine tetramers shown in
Figure 3.15.

Tetramer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
A-4(1)a -225.52 -238.44 -188.26 -212.29 -245.02 -205.83
A-4(2)a -224.30 -240.18 -190.88 -214.59 -243.25 -198.88
A-4(3)a -200.02 -201.38 -154.58 -173.10 -230.12 -182.56
A-4(4)a -211.21 -214.94 -172.96 -193.94 -226.94 -180.26
A-4(5)a -192.53 -193.26 -154.64 -174.08 -198.10 -171.90
A-4(6)a -205.95 -187.09 -163.55 -180.20 -172.12 -163.27
A-4(7)a -207.26 -188.46 -164.87 -181.71 -230.59 -162.26
A-4(8)a -203.66 -186.09 -164.87 -179.33 -216.63 -159.81
A-4(9)a -201.27 -184.97 -160.95 -177.65 -166.47 -159.59
A-4(10)a -203.92 -186.40 -162.87 -179.66 -168.21 -158.62
A-4(11)a -206.74 -191.48 -167.43 -185.10 -171.78 -157.13
A-4(12)a -187.37 -171.13 -148.10 -165.66 -134.61 -149.81
A-4(13)a -179.63 -163.36 140.48 -154.46 -205.38 -141.58
A-4(14)a -183.28 -164.29 -142.24 -156.64 -151.31 -139.27
A-4(15)a -167.30 -151.10 -126.50 -145.23 -100.61 -135.13
A-4(16)a -156.17 -140.65 -115.44 -129.78 -179.71 -134.70
A-4(17)a -171.80 -158.26 -136.14 -154.31 -120.84 -133.96
A-4(1)b -255.73 -272.77 -209.09 -239.21 -232.26 -210.79
A-4(2)b -261.67 -278.32 -215.56 -246.63 -243.30 -207.14
A-4(3)b -229.66 -233.10 -179.82 -201.37 -250.44 -202.06
A-4(4)b -249.72 -254.45 -200.48 -227.56 -231.47 -187.37
A-4(5)b -225.32 -228.80 -179.69 -204.59 -205.16 -176.24
A-4(6)b -240.90 -221.41 -196.11 -215.16 -182.57 -137.61
A-4(7)b -242.43 -222.92 -197.46 -216.83 -244.56 -172.47
A-4(8)b -242.22 -223.23 -197.51 -217.20 -234.55 -172.47
A-4(9)b -236.62 -219.16 -192.97 -212.78 -177.43 -170.15
A-4(10)b -242.79 -223.77 -197.91 -217.75 -180.49 -170.52
A-4(11)b -242.50 -224.83 -198.37 -219.19 -182.09 -167.15
A-4(12)b -217.92 -201.27 -177.16 -196.40 -160.11 -167.75
A-4(13)a -206.91 -189.54 -164.76 -180.80 -216.80 -156.56
A-4(14)a -213.41 -193.54 -169.59 -185.97 -160.17 -150.54
A-4(15)a -196.19 -181.39 -155.68 -175.40 -153.34 -143.79
A-4(16)a -228.54 -140.65 -178.20 -129.78 -239.67 -174.89
A-4(17)a -195.56 -158.26 -159.23 -154.31 -172.12 -138.18

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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3.3.2 Thymine clusters

3.3.2.1 Dimer

Our model detected 11 different thymine dimers shown in Figure 3.16. H-Bonded

T-2(1), T-2(2), T-2(3) and stacked T-2(8), T-2(9) and T-2(10) was reported in the

literature by Bravaya et al. [70] and Sun et al. [85] used T-2(1) and T-2(10) to

calculate ionization potentials and electron affinities. In addition to that, T-2(1)

and T-2(5) can be seen in the STM images of the supramolecular nanopatterns,

assembled by adenine-thymine quartets reported by Mamdouh et al. [86]. Our

force field even manages to generate new stacked and H-bonded dimers such as

T-2(4) and T-2(6). Resulting thymine dimers were further relaxed with PBE,

SCS-MP2 and CP-SCS-MP2 using aug-cc-pVDZ basis set and Table 3.15 shows

the interaction energies obtained from B3LYP-D, MP2, SCS-MP2, SCS-MI-MP2,

DFT–SAPT(PBE0AC) and DFT–SAPT(LPBE0AC) using aVDZ basis set. B3LYP-D

still overestimates the interaction energies while and MP2 and SCS-MI-MP2 were

in quite good agreement for H-bonded structures. LPBE0AC is in agreement with

SCS-MI-MP2 while generating lower interaction energies than PBE0AC. Our model

predicted T-2(1) as the lowest energy orientation, lower than 10.56 and 10.89 kJ/mol

from the closest orientations T-2(2) and T-2(3), respectively. The lowest energy order

also remains same for all ab-initio calculations and this can be seen in Table 3.15.

AMBER fails to give an accurate result when single H-bonded geometries such as

T-2(7) and T-2(11) taken into an account but manages to correct this error when the

geometries optimized with CP-SCS-MP2. Also, T-2(1) was still found as the lowest

energy orientation when CP-SCS-MP2 optimized geometries taken into an account.

As a result, we can say that our model successfully located the structures in the

literature [70, 85, 86] and their corresponding energy ordering generally stays same

with CP-SCS-MP2 relaxed geometries. This gives us the opportunity to extend our

model for the larger thymine homo-oligomers.
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T-2(1) T-2(2) T-2(3)

T-2(4) T-2(5) T-2(6)

T-2(7) T-2(8) T-2(9)

T-2(10) T-2(11)

Figure 3.16 : Thymine dimer structures found by the SA approach.
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Table 3.15 : Interaction energy calculations (at B3LYP-D, MP2, SCS-MP2,
SCS-MI-MP2, AMBER, DFT-SAPT(PBE0AC) and

DFT-SAPT(LPBE0AC) using aVDZ) of thymine dimers shown in
Figure 3.16.

Dimer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 PBE0AC LPBE0AC AMBER Model
T-2(1)a -72.25 -64.84 -58.68 -67.91 -59.93 -64.41 -63.99 -62.28
T-2(2)a -61.21 -54.54 -48.50 -56.94 -50.12 -53.82 -54.73 -51.72
T-2(3)a -58.82 -53.21 -47.59 -55.01 -48.03 -51.77 -54.33 -51.39
T-2(4)a -57.12 -51.64 -46.00 -53.37 -46.60 -50.30 -53.85 -51.04
T-2(5)a -47.79 -43.47 -38.23 -44.45 -38.48 -41.56 -47.91 -43.85
T-2(6)a -48.84 -43.93 -38.42 -45.20 -39.35 -42.39 -47.62 -43.38
T-2(7)a -42.39 -36.23 -29.89 -37.82 -33.75 -37.47 -11.94 -42.80
T-2(8)a -36.93 -37.62 -25.76 -31.69 -27.35 -30.79 -34.11 -41.74
T-2(9)a -34.68 -34.68 -22.61 -28.31 -25.41 -29.57 -37.17 -36.49

T-2(10)a -34.21 -34.55 -23.81 -29.43 -25.03 -28.26 -30.42 -35.81
T-2(11)a -29.33 -25.26 -19.33 -25.74 -22.48 -25.47 -0.99 -41.49
T-2(1)b -91.51 -80.68 -72.84 -84.75 -73.07 -79.24 -65.89 -61.73
T-2(2)b -75.54 -65.89 -58.36 -69.04 -59.21 -64.17 -55.66 -50.50
T-2(3)b -71.89 -63.88 -57.01 -66.23 -56.48 -61.42 -55.37 -50.58
T-2(4)b -71.88 -63.87 -57.01 -66.22 -56.48 -61.41 -55.38 -50.59
T-2(5)b -57.17 -51.33 -45.26 -52.55 -44.55 -48.38 -48.76 -43.36
T-2(6)b -59.37 -52.48 -45.93 -54.11 -45.96 -49.84 -48.38 -42.49
T-2(7)b -51.43 -45.01 -39.08 -46.88 -42.28 -45.84 -36.66 -42.01
T-2(8)b -47.63 -47.53 -32.99 -40.03 -34.55 -38.66 -41.36 -41.14
T-2(9)b -44.30 -45.06 -31.50 -38.01 -32.56 -36.36 -40.33 -35.72

T-2(10)b -44.60 -45.54 -31.03 -37.54 -31.17 -35.25 -34.89 -34.56
T-2(11)b -37.22 -32.98 -27.04 -32.92 -28.98 -31.69 -31.86 -29.53

a Using model geometries.
b Using CP-SCS-MP2/aVDZ geometries.
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3.3.2.2 Trimer

For trimer and beyond, we neglected the many-body effects and implemented the same

technique that we used on adenine oligomers. With using this approach, we manage to

detect 9 different planar, stacked and ribbon thymine trimers as shown in Figure 3.17.

As it can be seen in Table 3.16, our model has predicted T-3(1) as the lowest energy in

respect to T-3(2) by -0.36 kJ/mol and T-3(3) by -2.73 kJ/mol. In addition, our model

has been able to locate structures which have both stacked and H-bonded interactions,

T-3(6) and T-3(9), respectively. T-3(5) orientated as ribbon, which is a unique feature

with respect to other isomers, and was reported previously by Chiriki et al. [87] as

having the lowest energy. Compared to T-3(5), our model can be able to locate T-3(1),

T-3(2), T-3(3) and T-3(4) which all have lower energies than T-3(5) by -7.73 kJ/mol,

-7.37 kJ/mol, 5 kJ/mol and 4.41 kJ/mol, respectively. AMBER in the other hand, fails

to come in an agreement with all ab-initio calculations and prefers T-3(5) as the lowest

energy. Generally, AMBER overestimates the interaction energies of T-3(5), T-3(6),

T-3(7) and T-3(8) while all ab-initio calculations and our model shows otherwise.

As we observed in adenine, AMBER still has problems with H-bonding interactions

when we considered thymine clusters. All structures reported in Figure 3.17 were

further relaxed at SCS-MP2 level, employing aVDZ basis set and no significant change

has been observed. Interaction energies of the SCS-MP2 corrected geometries were

calculated at B3LYP-D, MP2, SCS-MP2, SCS-MI-MP2 levels and this was listed in

Table 3.11. In Table 3.11, we can see that all ab-initio calculations prefer T-3(5) over

T-3(1) by small margins but our model still prefers T-3(1) over T-3(5) by -6.79 kJ/mol.

Also the lowest energy isomer has changed for both our model and AMBER while

all ab-initio calculations disagree with this prediction. For ab-inito calculations, now

T-3(5) has the lowest energy but our model and AMBER prefers T-3(6), which has

both stacked and H-bonded interactions.
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T-3(1) T-3(2) T-3(3)

T-3(4) T-3(5) T-3(6)

T-3(7) T-3(8) T-3(9)

Figure 3.17 : Thymine trimer structures found by the SA approach.
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Table 3.16 : Interaction energy calculations (at AMBER) using aVDZ) of thymine
trimers shown in Figure 3.17.

Trimer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
T-3(1)a -131.56 -116.77 -102.08 -121.88 -90.63 -124.83
T-3(2)a -131.01 -116.26 -101.66 -121.27 -89.43 -124.47
T-3(3)a -127.01 -112.63 -98.08 -117.31 -89.24 -122.10
T-3(4)a -124.70 -110.91 -96.40 -115.36 -89.45 -121.51
T-3(5)a -135.79 -121.40 -109.03 -127.12 -121.57 -117.10
T-3(6)a -116.31 -104.88 -82.94 -102.74 -119.09 -115.84
T-3(7)a -111.10 -103.96 -85.06 -101.27 -110.63 -107.88
T-3(8)a -107.97 -101.61 -82.06 -97.97 -110.51 -107.49
T-3(9)a -114.86 -108.44 -86.13 -102.70 -77.73 -104.84
T-3(1)b -165.62 -147.08 -130.96 -153.18 -123.02 -120.58
T-3(2)b -165.90 -142.20 -130.97 -153.34 -122.47 -119.90
T-3(3)b -160.65 -142.16 -126.01 -147.91 -120.63 -116.87
T-3(4)b -158.76 -141.27 -125.42 -146.60 -120.61 -116.92
T-3(5)b -169.17 -147.88 -131.98 -155.39 -123.54 -113.79
T-3(6)b -149.71 -133.61 -109.36 -133.45 -132.09 -125.09
T-3(7)b -149.48 -130.38 -104.92 -124.71 -110.32 -98.11
T-3(8)b -141.68 -131.05 -105.33 -125.90 -116.34 -106.39
T-3(9)b -146.72 -134.84 -105.07 -128.17 -121.88 -107.42

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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3.3.2.3 Tetramer

When we apply the same approach for searching thymine tetramers, our method can

be able to detect 18 unique structures including thymine tetrads, ribbons and stacked

geometries as shown in Figure 3.18 and Figure 3.19 . Amongst them, T-4(1), T-4(2),

T-4(3) and T-4(9) includes T-3(1), T-3(2), T-3(4) and with one additional thymine

dimer. Amongst them, T-4(1) was reported in Chiriki et al. [87] as having the lowest

energy. Also, our model has been able to locate additional orientations which have

both stacked and H-bonded interactions, T-4(4), T-4(8), T-(10) and T-4(17), ribbons,

T-4(12) to T-4(16) and stacked, T-4(4) and T-4(5). All structures shown in Figure

3.18 were also further relaxed with the same level and basis set which had been

used for adenine and almost all structures preserved their orientations except T-4(5)

and T-4(8). SCS-MP2 relaxed geometries again were calculated at B3LYP-D, MP,

SCS-MP2, SCS-MI-MP2 levels and results can be seen in Table 3.14. In Table 3.14,

we can see that both our model and all ab-initio calculations favoured T-4(1) as the

lowest energy but AMBER prefers T-4(7) over T-4(1), by -16.25 kJ/mol. For our

model, however, A-4(1) has the lowest energy over T-4(7) by -5.35 kJ/mol and ab-initio

calculations also confirm this prediction. In addition to that, T-4(6), T-4(7) and T-4(10)

overestimated by AMBER while T-4(3) T-4(4) and T-4(5) underestimated in contrast

to all ab-initio calculations and our model.
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T-4(1) T-4(2) T-4(3)

T-4(4) T-4(5) T-4(6)

T-4(7) T-4(8) T-4(9)

Figure 3.18 : Thymine tetramer structures found by the SA approach.
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T-4(10) T-4(11) T-4(12)

T-4(13) T-4(14) T-4(15)

T-4(16) T-4(17) T-4(18)

Figure 3.19 : Thymine tetramer structures found by the SA approach.
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Table 3.17 : Interaction energy calculations (at AMBER) using aVDZ) of thymine
tetramers shown in Figure 3.18. and 3.19

Tetramer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
T-4(1)a -211.60 -186.95 -163.02 -196.12 -153.47 -205.05
T-4(2)a -194.16 -171.43 -148.04 -178.86 -132.28 -192.48
T-4(3)a -191.73 -169.69 -146.37 -176.81 -131.97 -191.82
T-4(4)a -178.75 -164.04 -131.02 -159.63 -148.95 -188.68
T-4(5)a -117.14 -162.98 -130.23 -158.18 -148.71 -187.72
T-4(6)a -203.30 -198.54 -162.91 -190.00 -203.02 -186.33
T-4(7)a -189.60 -175.89 -141.51 -170.55 -199.97 -185.84
T-4(8)a -189.32 -177.12 -140.73 -169.36 -184.47 -181.56
T-4(9)a -194.84 -173.16 -152.34 -180.87 -147.89 -179.77

T-4(10)a -192.24 -185.61 -149.05 -175.77 -185.86 -178.74
T-4(11)a -186.93 -166.37 -145.68 -173.25 -143.22 -173.97
T-4(12)a -199.47 -178.42 -159.92 -186.57 -179.93 -173.17
T-4(13)a -199.13 -177.80 -159.21 -186.16 -178.82 -172.15
T-4(14)a -196.08 -175.16 -156.60 -183.38 -178.04 -171.23
T-4(15)a -197.54 -176.38 -147.81 -184.59 -177.53 -170.74
T-4(16)a -185.15 -165.45 -147.17 -172.54 -168.03 -159.88
T-4(17)a -171.69 -160.15 -129.12 -153.15 -168.37 -159.55
T-4(18)a -150.60 -133.01 -113.13 -137.31 -117.18 -151.18
T-4(1)b -274.24 -243.16 -217.07 -254.38 -203.09 -197.69
T-4(2)b -249.22 -221.15 -196.01 -230.11 -187.49 -184.07
T-4(3)b -247.12 -220.14 -195.34 -228.60 -187.35 -184.11
T-4(4)b -245.25 -224.26 -181.93 -217.88 -192.67 -178.26
T-4(5)b -246.22 -225.37 -182.37 -217.43 -196.56 -177.03
T-4(6)b -248.13 -235.97 -190.36 -225.43 -194.59 -174.48
T-4(7)b -257.47 -236.75 -191.32 -231.92 -219.34 -192.34
T-4(8)b -238.77 -222.72 -172.08 -209.35 -194.63 -181.81
T-4(9)b -245.18 -215.95 -191.66 -225.73 -180.21 -173.19

T-4(10)b -240.30 -223.94 -176.92 -211.83 -184.19 -166.75
T-4(11)b -235.25 -207.65 -183.85 -216.27 -175.23 -167.30
T-4(12)b -248.81 -217.66 -193.91 -228.41 -182.76 -167.97
T-4(13)b -248.12 -216.35 -192.42 -227.47 -181.71 -166.95
T-4(14)b -248.11 -216.35 -192.42 -227.47 -181.72 -166.96
T-4(15)b -246.42 -214.90 -191.02 -225.79 -180.02 -165.17
T-4(16)b -230.36 -200.93 -177.60 -210.37 -170.25 -154.30
T-4(17)b -219.88 -203.77 -164.81 -196.56 -175.32 -155.75
T-4(18)b -188.76 -168.57 -147.89 -173.95 -152.19 -144.38

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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3.3.3 Adenine-Thymine clusters

3.3.3.1 Dimer

For adenine-thymine dimers and oligomers, we implemented the same approach

used in the adenine and thymine case. With this approach, our model can be

able to detect 14 different adenine-thymine dimers shown in Figure 3.20, including

AT-2(1) and AT-2(8), which have been reported previously [70, 88]. In addition to

AT-2(1) and AT-2(8), we have been able to locate Watson-Crick base pairing AT-2(9),

which was heavily inspected in the literature [89–92] because of its importance in

DNA replication. Our force field also able to generate other H-bonded and stacked

geometries as well, such as H-bonded AT-2(2),AT-2(5), AT-2(6), AT-2(7), AT-2(8),

AT-2(13) which also inspected by Monajjemi et al. [89] and stacked AT-2(10),

AT-2(11) and AT(12). Based on Monajjemi et al. [89], AT-2(1) has the lowest

interaction energy, -72.21 kJ/mol, fallowed by AT-2(3) and AT-2(2). But Kratochil et

al.’s interaction energy computations [90] show that AT-2(1) has the lowest energy,

-65.19 kJ/mol, fallowed by AT-2(2) with -6.20 kJ/mol difference. However, our

model was favored AT-2(2) over AT-2(1) by -2.63 kJ/mol, agreeing with Monajjemi

et al. [89]. Resulting adenine dimer structures further relaxed with PBE, SCS-MP2

and CP-SCS-MP2 using aug-cc-pVDZ basis set to clarify the quality of the predicted

orientations and structures obtained from SA were not changed upon the ab-initio

relaxations. After relaxations, AT-2(2) was still favored over AT-2(1) for our model

by -2.82 kJ/mol and was fallowed by AT-2(3) and AT-2(4). Ab-initio calculations

however, favoured AT(2)-1 over AT(2)-2 with small differences. AMBER also agrees

with ab-initio calculations except for AT-(14), which has been underestimated in

according to all ab-initio calculations and our model.
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Figure 3.20 : Adenine-Thymine dimer structures found by the SA approach.
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Table 3.18 : Interaction energy calculations (at B3LYP-D, MP2, SCS-MP2,
SCS-MI-MP2, AMBER, DFT-SAPT(PBE0AC) and

DFT-SAPT(LPBE0AC) using aVDZ) of adenine-thymine dimers shown
in Figure 3.20.

Dimer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 PBE0AC LPBE0AC AMBER Model
AT-2(1)a -72.94 -67.90 -61.58 -68.91 -60.03 -63.99 -63.23 -50.63
AT-2(2)a -64.66 -60.40 -54.16 -60.48 -52.71 -56.25 -58.64 -52.00
AT-2(3)a -66.25 -61.37 -54.91 -61.87 -54.42 -57.83 -58.56 -49.97
AT-2(4)a -62.82 -58.85 -52.13 -58.57 -51.42 -55.07 -57.38 -46.67
AT-2(5)a -62.62 -57.23 -50.94 -56.91 -51.04 -54.20 -51.05 -46.01
AT-2(6)a -63.49 -57.81 -51.42 -57.59 -51.88 -57.98 -50.79 -45.51
AT-2(7)a -59.27 -53.01 -47.08 -52.58 -46.82 -49.95 -52.30 -46.23
AT-2(8)a -62.66 -56.38 -50.66 -55.81 -49.97 -53.34 -52.52 -42.10
AT-2(9)a -60.42 -53.75 -50.66 -53.57 -47.99 -51.01 -52.19 -45.04

AT-2(10)a -38.76 -42.55 -31.05 -35.95 -30.82 -33.99 -42.17 -36.86
AT-2(11)a -38.72 -43.65 -31.50 -36.46 -31.14 -34.17 -43.29 -37.30
AT-2(12)a -35.34 -39.59 -28.92 -33.66 -28.47 -31.47 -39.54 -35.41
AT-2(13)a -55.66 -50.82 -45.41 -50.11 -45.11 -48.09 -44.10 -36.23
AT-2(14)a -42.09 -37.49 -32.36 -38.01 -33.08 -36.04 -18.03 -31.34
AT-2(1)b -89.87 -82.09 -73.62 -73.63 -82.09 -77.22 -68.69 -50.58
AT-2(2)b -77.76 -71.08 -63.19 -63.19 -71.08 -66.35 -62.68 -52.82
AT-2(3)b -80.36 -72.09 -64.21 -64.21 -72.59 -68.32 -62.92 -50.38
AT-2(4)b -62.82 -58.85 -52.13 -52.13 -57.85 -55.07 -57.38 -46.67
AT-2(5)b -74.15 -67.01 -59.04 -59.04 -67.01 -63.62 -53.35 -47.13
AT-2(6)b -74.15 -66.69 -58.94 -58.94 -66.68 -63.78 -53.44 -46.83
AT-2(7)b -71.75 -62.72 -55.23 -55.23 -62.72 -59.66 -55.53 -47.43
AT-2(8)b -77.83 -68.78 -61.27 -61.27 -68.78 -65.20 -58.30 -42.57
AT-2(9)b -73.46 -63.70 -55.93 -55.93 -63.70 -60.80 -55.72 -48.07

AT-2(10)b -50.29 -55.35 -36.79 -36.79 -55.35 -39.28 -38.42 -33.29
AT-2(11)b -50.55 -54.82 -36.87 -36.87 -54.82 -40.30 -42.79 -37.16
AT-2(12)a -48.60 -53.38 -35.99 -35.99 -53.38 -38.94 -41.75 -36.43
AT-2(13)a -72.43 -64.54 -56.87 -56.87 -64.45 -61.41 -50.65 -37.18
AT-2(14)a -52.20 -46.57 -40.42 -40.42 -46.57 -44.53 -33.41 -29.16

a Using model geometries.
b Using CP-SCS-MP2/aVDZ geometries.
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3.3.3.2 Trimer

For trimer and beyond, we adopted our assumption of neglecting the many-body effects

and implemented the same technique that we used on adenine and thymine oligomers.

But for adenine-thymine trimers, we must search two different trimer pairings.

Adenine-thymine trimers consist of either two adenine and one thymine, AAT or two

thymine and one adenine, ATT. These geometries can be seen in Figure 3.21. Amongst

them, AT-3(1), AT-3(2) and AT-3(8) are not planar and formed by AT-2(3), AT-2(2) and

AT-2(1) with one additional adenine dimer, respectively. AT-2(11) has both H-bonded

and stacked interactions while AT-3(18) has formed by adenine-adenine stacked with

one additional thymine dimer on top of them. Corresponding to AT-3(18), AT-3(9)

has formed by adenine-thymine stacked with one additional adenine dimer besides

them. Other found structures shown in Figure 3.21 are H-bonded ribbons. All

resulting structures in Figure 3.21 were further relaxed at SCS-MP2 level, employing

aVDZ basis set and no significant change has been observed. Interaction energies of

the SCS-MP2 corrected geometries were calculated at B3LYP-D, MP2, SCS-MP2,

SCS-MI-MP2 levels and these were listed in Table 3.19. From Table 3.19, we can see

that AT-3-(2) has the lowest energy, fallowed by AT-3(1), AT-3(13) and AT-3(3) by

-1.06 kJ/mol, -2.25 kJ/mol and -3.87 kJ/mol, respectively. All ab-initio calculations

favored AT-3(1) over AT-3(2) with small differences while SCS-MP2 relaxed model

energies still favour AT-3(2) over AT-3(1) by -1.69 kJ7mol. Also for SCS-MP2 relaxed

ab-initio calculations, AT-3(10) has the lowest energy while our model and AMBER

still favour other orientations. AMBER favours AT-3(1) as the lowest energy, fallowed

by AT-3(2) with -1.02 kJ/mol difference and our model favours AT-3(2) over AT-3(1).
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AAT-3(1) AAT-3(2) AAT-3(3)

AAT-3(4) AAT-3(5) AAT-3(6)
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Figure 3.21 : Adenine-Thymine trimers found by the SA approach.
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Table 3.19 : Interaction energy calculations (at AMBER) using aVDZ) of
adenine-thymine trimers shown in Figure 3.21.

Tetramer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
AT-3(1)a -127.10 -133.01 -106.25 -121.07 -132.26 -111.24
AT-3(2)a -126.15 -132.22 -105.55 -120.18 -131.63 -112.30
AT-3(3)a -117.88 -121.50 -96.23 -109.63 -123.62 -108.43
AT-3(4)a -125.90 -126.35 -100.40 -114.41 -124.21 -93.84
AT-3(5)a -142.85 -130.46 -115.60 -128.35 -122.48 -92.65
AT-3(6)a -142.53 -132.22 -119.02 -133.04 -124.58 -103.66
AT-3(7)a -144.65 -133.50 -118.50 -131.47 -118.60 -90.12
AT-3(8)a -124.25 -125.17 -101.80 -115.77 -122.29 -94.28
AT-3(9)a -119.31 -121.21 -98.01 -111.96 -116.18 -92.27
AT-3(10)a -134.52 -123.82 -110.99 -123.65 -112.32 -99.77
AT-3(11)a -129.19 -116.75 -102.85 -114.20 -107.20 -84.04
AT-3(12)a -131.11 -120.82 -107.94 -120.46 -109.96 -93.46
AT-3(13)a -127.01 -116.76 -102.90 -115.09 -108.00 -110.05
AT-3(14)a -124.97 -111.93 -98.45 -109.14 -109.58 -85.46
AT-3(15)a -125.46 -114.05 -100.22 -111.28 -105.15 -81.83
AT-3(16)a -120.70 -107.51 -94.48 -105.47 -106.30 -92.04
AT-3(17)a -109.99 -99.48 -87.04 -98.00 -71.57 -76.63
AT-3(18)a -76.61 -92.49 -65.70 -74.80 -85.09 -73.93
AT-3(1)b -155.87 -161.88 -124.96 -146.18 -140.67 -117.95
AT-3(2)b -154.56 -160.44 -123.99 -144.90 -139.65 -119.64
AT-3(3)b -138.82 -144.71 -110.71 -129.39 -130.14 -109.06
AT-3(4)b -151.73 -151.33 -116.98 -135.65 -134.67 -96.08
AT-3(5)b -164.89 -149.53 -132.28 -148.13 -127.44 -94.78
AT-3(6)b -170.69 -155.13 -137.80 -157.06 -132.54 -102.37
AT-3(7)b -168.70 -154.20 -136.20 -152.94 -123.25 -91.61
AT-3(8)b -150.33 -148.01 -115.97 -135.72 -128.28 -91.73
AT-3(9)b -146.34 -143.95 -113.68 -132.31 -118.26 -92.96
AT-3(10)b -163.56 -147.84 -130.80 -148.65 -120.34 -100.21
AT-3(11)b -153.94 -138.52 -121.98 -136.70 -112.57 -85.65
AT-3(12)b -160.30 -145.33 -128.43 -145.93 -116.88 -93.42
AT-3(13)b -156.33 -142.01 -125.18 -141.30 -117.93 -115.56
AT-3(14)b -149.91 -133.56 -117.77 -131.52 -115.88 -87.94
AT-3(15)b -147.43 -133.66 -117.44 -131.43 -111.01 -83.76
AT-3(16)b -143.15 -127.49 -112.40 -126.08 -112.65 -94.35
AT-3(17)b -130.02 -117.14 -103.00 -116.06 -93.21 -78.18
AT-3(18)b -88.54 -108.15 -69.27 -82.68 -70.08 -64.88

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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3.3.3.3 Tetramer

Our model can predict more complex structures such as AT-tetrads so we further tested

our model to obtain these geometries. As a result, our model generated 18 different

AT-tetramers including ribbons, stacked geometries, and AT-tetrads. AT-tetrads,

especially, inspected heavily in the literature by various researchers [85, 93, 94]. For

example, AT-4(14) was previously inspected by Gil et al. [94] and Bravaya et al.

[93] calculate the cooperative effect of H-Bonding and π-stacking on the ionization

energy of adenine, which contains two AT-2(9) stacked with adenine dimers. AT-4(1)

and AT-4(2) both contain T-2(1) stacked with adenine but while AT-4(2) align itself

horizontally on adenine dimer, AT-4(1) prefers to align vertically. AT-4(3) and AT-4(5)

are very similar to AT-4(1) and AT-4(2) but with different alignments. AT-4(6) contains

ATT ribbon with one additional adenine dimers align them vertically. AT-4(4) and

AT-4(8) contains two stacked adenine and thymine dimers combined while other found

AT tetramers including AT-4(15), AT-4(16) and AT-4(18) form ribbons. All resulting

geometries in Figure 3.21 were further relaxed with only SCS-MP2 level, employing

aVDZ basis set and no significant change in the geometries was observed. Interaction

energies of the SCS-MP2 corrected geometries were calculated at B3LYP-D, MP2,

SCS-MP2, SCS-MI-MP2 levels and this was listed in Table 3.20. From Table

3.20, we can see that AT-4(6) is favoured as the lowest energy by both our model

and AMBER, while ab-initio calculations differ. For example, SCS-MP2 favours

AT-4(4) as the lowest energy fallowed by AT-4(2) and AT-4(8) while B3LYP-D, MP2,

and SCS-MI-MP2 favours AT-4(8) as the lowest energy fallowed by AT-4(6) with

difference between them is -12.08 kJ/mol, -11.83 kJ/mol and 9.15 kJ/mol, respectively.

In conclusion, both AMBER and model favoured AT-4(6) as the lowest energy

followed by AT-4(1), with difference -9.36 kJ/mol and -0.76 kJ/mol, respectively.

57



AT-4(1) AT-4(2) AT-4(3)

AT-4(4) AT-4(5) AT-4(6)
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Figure 3.22 : Adenine-Thymine tetramer structures found by the SA approach.
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Table 3.20 : Interaction energy calculations (at AMBER) using aVDZ) of
adenine-thymine tetramers shown in Figure 3.22.

Tetramer B3LYP-D MP2 SCS-MP2 SCS-MI-MP2 AMBER Model
AT-4(1)a -202.72 -197.55 -157.54 -181.94 -208.14 -175.91
AT-4(2)a -211.58 -210.84 -171.51 -195.35 -208.42 -172.36
AT-4(3)a -199.86 -194.62 -155.57 -179.71 -201.96 -170.55
AT-4(4)a -214.37 -217.09 -177.94 -201.68 -211.70 -179.94
AT-4(5)a -205.32 -206.10 -164.78 -188.86 -203.05 -164.77
AT-4(6)a -197.44 -196.47 -159.27 -182.43 -201.21 -185.86
AT-4(7)a -205.82 -204.23 -167.35 -192.54 -210.20 -174.17
AT-4(8)a -208.80 -210.82 -171.21 -195.78 -203.87 -173.37
AT-4(9)a -186.04 -184.89 -148.96 -171.59 -193.18 -176.58

AT-4(10)a -205.62 -210.44 -170.25 -193.25 -204.73 -177.78
AT-4(11)a -214.01 -216.79 -178.90 -201.34 -206.24 -176.64
AT-4(12)a -202.54 -182.13 -139.02 -162.20 -194.18 -155.82
AT-4(13)a -174.77 -182.13 -139.02 -162.20 -184.70 -162.42
AT-4(14)a -199.08 -203.09 -163.81 -186.08 -193.88 -168.98
AT-4(15)a -214.26 -196.01 -174.55 -196.36 -181.58 -152.35
AT-4(16)a -206.18 -187.38 -166.20 -187.53 -180.74 -153.14
AT-4(17)a -171.05 -176.33 -136.52 -153.15 -168.37 -159.55
AT-4(18)a -209.21 -193.46 -174.30 -193.79 -176.43 -151.45
AT-4(1)b -247.06 -235.64 -190.34 -221.23 -218.77 -179.93
AT-4(2)b -261.72 -258.35 -203.62 -236.87 -201.80 -165.10
AT-4(3)b -246.24 -233.91 -188.82 -220.07 -210.96 -172.08
AT-4(4)b -275.14 -273.13 -115.75 -250.84 -207.94 -166.97
AT-4(5)b -240.39 -241.69 -188.13 -218.67 -199.85 -154.73
AT-4(6)b -245.66 -244.45 -192.79 -225.86 -219.53 -189.29
AT-4(7)b -243.75 -240.39 -191.80 -225.87 -207.86 -160.21
AT-4(8)b -257.74 -256.28 -200.29 -235.01 -200.97 -165.40
AT-4(9)b -232.97 -231.64 -183.51 -213.15 -199.44 -168.68

AT-4(10)b -250.95 -249.81 -194.18 -227.76 -206.61 -175.45
AT-4(11)b -256.15 -252.99 -200.28 -232.03 -210.18 -169.14
AT-4(12)b -242.83 -232.76 -188.61 -219.08 -202.42 -159.91
AT-4(13)b -212.24 -219.64 -161.76 -192.19 -184.22 -166.76
AT-4(14)b -236.09 -236.75 -183.25 -213.94 -190.06 -155.49
AT-4(15)b -259.85 -234.70 -208.35 -236.86 -188.16 -152.81
AT-4(16)b -252.46 -226.84 -201.45 -228.82 -187.66 -154.46
AT-4(17)b -221.44 -218.90 -164.61 -194.69 -194.01 -156.14
AT-4(18)b -256.06 -231.98 -206.16 -233.95 -189.48 -150.75

a Using model geometries.
b Using SCS-MP2/aVDZ geometries.
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4. CONCLUSION

In this thesis, we aim to generate an intermolecular potential function force field

for adenine, thymine and adenine-thymine dimers and oligomers which is in a

good agreement with the well known AMBER force field. Our first step to

achieve this objective to find the most suitable ab-initio calculation method to

generate the PESs. For this purpose, we compare the performances of B3LYP-D,

MP2, SCS-MP2, SCS-MI-MP2, DFT-SAPT(PBE0AC), DFT-SAPT(LPBE0AC) and

CCSD(T) on the dimer geometries of adenine, thymine and adenine-thymine to

find the most suitable and accurate method. Results of ab-initio calculations in

adenine, thymine, and adenine-thymine showed us that we can generate a suitable

force field via symmetry-adapted perturbation theory (DFT-SAPT). In addition to

its accuracy, DFT-SAPT is useful in determining the stabilizing factors of the

given system by giving the interaction energy as a sum of electrostatic, dispersion,

induction and repulsive terms. In order to proceed and generate PESs, we used

DFT-SAPT calculations on 7286, 4412 and 6390 grid points for adenine, thymine,

and adenine-thymine, respectively. Results of this calculations were used in the fitting

process and our proposed fitting was very successful and the performance of the model

potential was tested multiple times with a potential energy searches of dimers, trimers

and tetramers via Simulated Annealing. Our proposed model was able to reproduce the

previously reported and well-known adenine, thymine and adenine-thymine dimers

as well as new orientations. Cluster structures generated from our model also been

relaxed at CP-SCS-MP2/aVDZz (for dimer) and SCS-MP2/aVDZ (trimer, tetramer)

levels. We showed that there is a slight difference between our model and the

corresponding ab-initio calculations. Although the proposed model and AMBER

force fields are in agreement for most cases, AMBER can fail to calculate the correct

interaction energies for certain cases such as A-2(9), A-2(12), T-2(12) and T-3(9). For

all considered DNA bases, our proposed model can able to give more consistent results
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than AMBER, therefore, our model can be applied in all simulations of much larger

adenine, thymine and adenine-thymine clusters.
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