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THE INVESTIGATION OF THERMO-RESPONSIVE POLYMERS
EXHIBITING LCST WITH INTERACTIONS BETWEEN WATER
MOLECULES BY QUANTUM MECHANICAL METHODS

SUMMARY

Thermo-responsive polymers exhibiting the coil-to-globule phase transition at the
lower critical solution temperature (LCST) have been the subject of great interest in
the development of smart materials. As a result of LCST behavior in aqueous
solutions, the polymers undergo a phase separation in water upon heating, resulting in
a decreased solubility and a change in conformation from hydrated coil to collapsed
globular for diluted solutions.

In this work, thermo-responsive polymers in agqueous solutions have been studied in
terms of their conformational changes which plays a crucial role in determining the
role of functional groups and their interactions with water. Poly (N-
isopropylacrylamide) (PNIPAAm),  Poly(N-vinylisobutyramide)(PNVIBA), and
Poly(2-ethoxyethyl vinyl ether)(PEOVE) exhibiting LCST behavior in water were
studied in order to examine structural changes by using Density Functional Theory
(DFT). Geometry optimizations were carried out using the B3LYP functional and 6-
31G(d,p) basis set, which are known to perform well in the geometry optimizations of
organic molecules. The hydrogen bond interaction of the water molecule with the
pentamer of these monomers, which is the longest oligomer chain optimized starting
from the dimer molecules, was modeled by testing various configurations. Interaction
energies were calculated by using different functionals such as B3LYP, LC-wPBE and
CAM-B3LYP and 6-311G(2df,2pd) basis set for a quantitative interpretation of the
hydrogen bond. The basis set superposition error (BSSE) was also considered in all
interaction energy calculations. Interaction energies were also corrected by the
addition of zero point energies (AZPE).

The effect of segment...solvent and segment...segment interactions on the
conformation of the polymer chain were investigated in solvent media. The effect of
the size of the oligomer on the conformation was also studied. In order to observe
conformational changes in the backbones, Radius of gyration (Rg) and Root-mean-
square deviation (RMSD) were calculated between the oligomer-water complexes and
the unhydrated oligomer chain.

The calculations in this study aim to provide insight into the effect of intermolecular
interactions on conformational transitions in single chains of thermo-responsive
polymers. Based on our calculations, the increasing number of water molecules results
in an increase in the strength of the interaction.
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LCST DAVRANISI GOSTEREN ISIYA DUYARLI POLIMERLERIN SU
MOLEKULLERI ARASINDAKI ETKILESIMLERINI KUANTUM
MEKANIK YONTEMLERIYLE INCELENMESI

OZET

"Uyaranlara duyarli polimerler" ¢evrelerindeki degisikliklere veya "uyaranlara" tepki
olarak farkli kimyasal, fiziksel veya biyolojik davranislar sergileyen polimerler olarak
tanimlanmaktadir. Bir polimerin verdigi tepkiye gore uyaranlar fiziksel, kimyasal
veya biyolojik uyaranlar olarak kategorize edilebilir. Polimerik malzemeler, seramik
ve metallerden daha ucuz ve cgalismasi daha kolaydir, bu da onlart "akilli"
malzemelerin ana grubunun bir parcasi haline getirir. Polimerik "akilli" malzemeler,
fiziksel faktorlere (basing, sicaklik, 151k, ses, elektrik ve manyetik alanlar), kimyasal
faktorlere (pH, ¢oziicii bilesimi, iyonik mukavemet) ve biyolojik faktorlere (enzimler,
reseptorler) maruz kaldiklarinda fizikokimyasal 6zelliklerini 6nemli  6l¢iide
degistirebilirler.

Istya-duyarli polimerler, sicaklik degisimiyle farkli davranis gdsteren uyaranlara
duyarli polimerlerin veya akilli malzemelerin bir sinifidir ve ¢ogunlukla iyonize
edilemeyen makromolekiillerde goriiliir. Bu farkli davranisa yanit olarak sicaklik
degisimine genellikle serbest polimer zincirlerinin konformasyonel degisimi veya
¢Oziiniirliik degisimi olarak gozlemledigimiz bir hacim faz1 gecisi eslik eder.

Istya-duyarli davranig, polimer-¢oziicii ve polimer-polimer segmentleri arasindaki
intramolekiiler ve intermolekiiler etkilesimlerin birbirleriyle yarigindan
kaynaklanmaktadir. Hidrojen baglari agisindan, ii¢ yarigmali etkilesim vardir: polimer-
polimer, su-su ve polimer-su. Yiiksek sicakliklarda, isiya-duyarli polimerler, hidrojen
baglarin1 , dipoller ve hidrofobik molekiiller arasindaki etkilesimleri bozarak faz
gecisine ugrar. Baska bir deyisle, 1siya-duyarli polimerlerin faz gecis sicakligi,
etkilesimler arasindaki denge ile belirlenir.

Ozellikle 1s1ya-duyarli polimerler, polimerin faz diyagrammin bu gegis davranisini
acikca gosterdigi sulu ¢ozeltilerde sicakliga baglh karisabilirlik boslugu sergiler.
Bionadal olarak adlandirilan siir egrisi, bir fazli bélgeyi polimer ve ¢oziicliniin
karismaz oldugu iki fazli bolgeden ayirir. Egrinin iist noktasina kritik sicaklik (Tc)
denir. Polimerler, sicaklik degisiminin bir fonksiyonu olarak faz tepkilerine gore iki
sinifa ayrilir; birincisi, alt kritik ¢ozelti sicakligi (LCST) adi verilen kritik bir sicaklik
Olceginin iizerinde ¢oziinmez hale gelen polimerler ve ikincisi, st kritik ¢ozelti
sicakligi (UCST) adi verilen kritik bir sicaklik Glgeginin altinda ¢dkelen ve faz
degisikliklerine ugrayan polimerler.

Faz gecis sicakligl bircok faktorden etkilenebilir. Tuz, ylizey aktif maddeler, ko-
coziicliler gibi katki maddeleri bunlardan birkagidir. Bu katki maddelerinin etkisi
genellikle ¢ozeltinin ¢oziicii kalitesini degistirmesine sebep olur ve sonug olarak
polimerin hidrojen baglanma kabiliyeti de dahil olmak iizere polimer-¢oziicii
etkilesimleri degisir. Ozellikle, yiizey aktif maddeler gibi amfifilik molekiiller,
polimerlere adsorbe olur ve polimerin hidrofilikligini degistirir. Polimer-polimer
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etkilesimini, dolasikliklarini, capraz baglamayi veya dallanmay1 artiracak polimerlere
hidrofobik yapilarin dahil edilmesi veya fonksiyonel gruplarin eklenmesi, karisimin
entropisi (AS) ve entalpisini (AH) ve sonug olarak polimerin 1siya-duyarli davranigini
etkileyecektir

Diistik kritik ¢ozelti sicakliginda (LCST) yumaktan-kiirecige faz gecisini sergileyen
1siya duyarli polimerler, akilli malzemelerin gelistirilmesinde biiyiik Olc¢lide ilgi
toplayan bir konu olmustur. Sulu ¢6zeltilerdeki LCST davraniginin bir sonucu olarak,
polimerler 1sitildiktan sonra sudan ayrilir, bu da ¢o6ziiniirligiin azalmasina ve
seyreltilmis ¢ozeltiler i¢in hidratlanmis yumaktan ¢okmiis kiirecige konformasyonda
bir degisiklige neden olur. Basit¢e aciklamak gerekirse, polimer, hidrojen baglar1 ve
polimer ile su arasindaki siirli etkilesimleri nedeniyle LCST altinda suda ¢oziiniir,
ancak 1sitildiktan sonra su ve polimer arasindaki etkilesimler bozulur, polimer
intramolekiiler etkilesimler baskin olur ve polimer fazi sudan ayrilir.

LCST davranis: biiylik 6lciide, hacim gegisinin iyon konsantrasyonu ile iliskili oldugu
yiikler arasindaki ortalama zincir uzunlugu tarafindan kontrol edilir. LCST'yi etkileyen
faktorler icin genel bir kural olarak, polimer-polimer etkilesimlerini destekleyen her
faktor LCST'yi diisliriir, ancak polimer-su etkilesimlerini veya polimerin ¢éziinmesini
destekleyen her faktor LCST'yi yiikseltir. Bagska bir deyisle, LCST, ¢ozeltilerdeki
polimer-polimer, polimer-su veya su-su etkilesimlerinin ayarlanmasiyla kontrol
edilebilir. Polimer yapisinin kopolimerizasyon yoluyla modifikasyonu, yan gruplarin
eklenmesi veya u¢ gruplarin modifikasyonu, seg¢ilen polimerin LCST'sini ayarlamak
icin baz1 drneklerdir. LCST degeri, ¢ozeltideki polimer konsantrasyonu arttikca azalir.
Ayrica, c¢ozeltideki tuzlar polimerin LCST degerini azaltir.  Polimer zincir
uzunlugundaki bir artis veya ¢ozeltideki konsantrasyonu, termo-duyarli polimerler i¢cin
LCST degerini azaltir.

Bu calismada, sulu c¢ozeltilerdeki 1siya-duyarli polimerler incelenmistir, c¢tlinki
konformasyonel degisiklikler fonksiyonel gruplarin roliinii ve su ile etkilesimlerini
belirlemede ¢ok kritik bir rol oynamaktadir. Yogunluk Fonksiyoneli Kurami (YFT)
kullanilarak yapisal degisiklikleri incelemek i¢in suda LCST davranisi sergileyen
poli(N-izopropilakrilamid (PNIPAAmM), poli(N-vinilizobiitiramid) (PNVIBA) ve
poli(2-etoksietil vinil eter)(PEOVE) kullanilmistir. Hesaplamalar, organik molekiil
yapilarinin iyilestirilmesinde en iyl performans gosterdigi bilinen B3LYP
fonksiyoneli ve 6-31G (d, p) baz seti kullanilarak gergeklestirildi. Bu monomerlerin
dimer molekiillerinden baglayarak optimize edilmis en uzun oligomer zinciri olan
pentameriyle su molekiiliiniin hidrojen bag: etkilesimi ¢esitli konfigilirasyonlar test
edilerek modellenmistir. Etkilesim enerjileri B3LYP, LC-wPBE ve CAM-B3LYP
fonksiyonelleri kullanilarak, 6-311G(3df,2pd) baz setinde hesaplandi. Hidrojen
baginin nicel bir yorumu i¢in tiim etkilesim enerjisi hesaplamalarinda baz seti iist {iste
binme hatasi (BSSE) hesaba katildi. Bulunan etkilesim enerjilerine sifir noktasi
enerjisi diizeltmesi (AZPE) de dahil edildi.

Segment: - ¢oziicli ve segment:---segment etkilesimleri, ¢ozeltilerde polimer zincir
konformasyonu iizerindeki etkileri ac¢isindan arastirilmistir. Oligomer zincir
biiyiikliigiiniin konformasyon {izerine etkisi de galisildi. Ana zincirdeki konformasyon
degisimini gézlemlemek i¢in, oligomer-su kompleksleri ile susuz oligomer zincirleri
arasinda donme yarigap1 (Rg) ve kare ortalama karekok sapmasi (Rmsd) hesaplandi.

Bu c¢aligmadaki hesaplamalar, 1siya duyarli polimerlerin tek zincirlerdeki
konformasyonel gec¢isde molekiiler arasi etkilesimlerin etkisi lizerinde fikir vermeyi
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amaglamigtir. Hesaplamalarimiza gore, su molekiil sayisinin artist molekiiler arasi
etkilesimlerin kuvvetlenmesine neden olmustur.
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1. INTRODUCTION
1.1 Smart or Stimuli-Responsive Materials

The term "Smart" or "stimuli-responsive material” refers to materials that are capable
of responding to external stimuli and changes in their environment (Teotia et al., 2015).
Polymeric materials are cheaper and easier to work with than ceramics and metals,
making them a part of the main group of "smart" materials (Ward et al., 2011).
Polymeric "smart" materials are capable of significantly altering their physicochemical
properties when exposed to physical factors (pressure, temperature, light, sound,
electrical and magnetic fields), chemical factors (pH, solvent composition, ionic
strength), and/or biological factors (enzymes, receptors) (Kumar et al., 2007,
Leszczynski et al., n.d.; Zhelavskyi & Kyrychenko, 2019). As a result of external
stimuli, smart polymeric solutions respond in several different ways. Physical stimuli
change the chain dynamics and the energy level of the polymer-solvent system.
Chemical stimuli affect intermolecular interactions, whereas biological stimuli alter
the function of molecules (Leszczynski et al., n.d.) (James et al., n.d.). As a result of
altering molecular interactions caused by external stimuli (temperature, pH,
mechanical, electric, or magnetic fields, etc.), the levels of various interaction energies
vary. The hydrophilic-hydrophilic balance in these materials can result in reversible
microstructural changes (Aguilar & San Roman, 2019; Taylor & Cerankowski, 1975;
Teotia et al., 2015). As a result of the ability to control polymer systems by external

stimulus, "smart"” polymers have been used in a variety of applications, including tissue
engineering, drug delivery, sensors, and gene delivery. In recent years, there has been
an increase in the demand for functional, smart systems that has led to an increasing
1.1.1 Thermo-Responsive polymers

As a class of "smart" materials, thermo-responsive polymers undergo a rapid change
in their solubility with a small decrease in temperature (Gobeze et al., 2020; James et
al., n.d.). Since temperature can be easily applied from the outside, the changes in

temperature represent unique stimuli among the present stimuli. It has been
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demonstrated that thermo-responsive polymer systems are most often constructed with
non-ionizable macromolecules (Schattling et al., n.d.). In general, thermo-responsive
polymers dissolve in water at low temperatures and are transparent. With increasing
temperatures, they undergo a reversible phase transition that results in either a cloud
or precipitate (“Encyclopedia of Polymeric Nanomaterials,” 2015; Ghizal et al.,
2014). The mechanism triggers the coil-to-globule transition or volume phase
transition (VPT) by disrupting hydrogen bonds and/or interactions between dipoles
and/or hydrophobic molecules (Flemming et al., 2021; Leszczynski et al., n.d.).
Polymers are classified into two classes based on their phase response as a function of
temperature change; first, polymers that become insoluble above a critical temperature
scale called the lower critical solution temperature (LCST), and second, polymers that
precipitate below a critical temperature scale called the upper critical solution
temperature (UCST) and undergo phase changes (Flemming et al., 2021; Roy et al.,
2013a).

When a polymer exhibits UCST behaviors, it separates from the solution below the
critical solution temperature. However, as the temperature rises, it becomes soluble
UCST behaviors are usually observed in organic solvents or water/organic solvent
mixtures. A representative UCST-type thermo-responsive polymer is shown in Figure
1.1. The behavior of UCST is controlled by enthalpy, as there are stronger polymer-
polymer interactions and solvent-solvent interactions than weak polymer-solvent

interactions (Flemming et al., 2021; Roth et al., 2013).
&h o
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Figure 1.1: Chemical structures of UCST- type polymers (Teotia et al., 2015)
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Most commonly used LCST thermosensitive polymers include poly(N-isopropyl
acrylamide), poly(N-vinylalkylamide), PLGA-PEG-PLGA triblock copolymers,
poly(N, N-dimethyl acrylamide), poly(N-vinyl caprolactam), phosphazene
derivatives, polysaccharide derivatives, and chitosan (Leszczynski et al., n.d.). Figure

1.2 illustrates examples of LCST-type polymers.
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Figure 1.2: Representative LCST polymers and their chemical structures

As a result of the lower critical solution temperature (LCST), the polymeric system
becomes hydrophobic and insoluble, leading to phase separation. At normal
temperatures, thermo-sensitive polymers exhibiting LCST behavior are completely
miscible; however, their solubility decreases as the temperature increases and they
exhibit phase separation over the critical solution temperature, which indicates that a
temperature stimulus causes phase separation in the polymer system. Accordingly,
when the temperature of an aqueous solution of LCST exhibiting thermo-responsive
polymer increases, the polymer chains undergo a transition from coils to globular to
aggregates in Figure 1.3. Hydrogen bonding and hydrophobic interactions in the

polymer-solvent system contribute to phase transitions and the transition from
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hydrated random coils to hydrophobic globular above critical solution temperatures
(Gobeze et al., 2020; Roy et al., 2013a; Teotia et al., 2015).

@0%5 e, B

Temp <LCST

Polymer chains Polymer globules Polymer aggregates
Figure 1.3: a) polymer chains b) polymer globules c) polymer aggregates

A hydrophobic-hydrophilic transition triggered by temperature can be reversed and the
polymer solution can be cooled to return it to its original state. LCST is frequently
observed in highly polar media such as water or alcohol, as hydrogen bonds are formed

in polymer-solvent interactions (Schattling et al., n.d.).

1.1.1.1 Poly(N-Isopropylacrylamide) (PNIPAAM)

The thermo-responsive properties of water-soluble poly(N-vinylalkylamide) based
polymers are remarkable (Roy et al., 2013a). Due to their unique thermo-responsive
behavior in aqueous media, N-substituted acrylamides are an extensive class of
thermo-responsive polymers. The poly (N-isopropyl acrylamide) (PNIPAAM) in
Figure 1.4 included in this class is one of the most studied thermosensitive materials
both experimentally and computationally. It is obtained by polymerizing the N-
isopropyl acrylamide (NIPAAm). For PNIPAM, the lower critical solution
temperature (LCST) is typically around 305 K in water (Abbott & Stevens, 2015;
Ortiz De Solorzano et al., 2020). When the temperature is raised above the lower
critical solution temperature (LCST), PNIPAAmM can undergo a coil-to-globule
transition. The conformational change in PNIPAAm illustrated in a schematic diagram

in Figure 1.5.
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Figure 1.4: Chemical structure of PNIPAAmM

Several studies have examined the LCST of the PNIPAAmM in order to understand a
coil-globular transition (Alaghemandi & Spohr, 2013; Azmi etal., 2018; S. Deshmukh
et al., 2009; S. A. Deshmukh et al., 2012, 2014; Kamath et al., 2013). A 50-unit
oligomer model was simulated in 2004 by Longhi et al. (Longhi et al., 2004) for the
thermo-responsive polymer poly(N-isopropyl acrylamide in a diluted aqueous solution
at 300 and 310 K.
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Figure 1.5: Conformational change in PNIPAAmM, a)expanded b)aggregated

This is one of the first MD simulations conducted for PNIPAAm-water systems.
According to Longghi et al. (2004), the first hydration shell is primarily located in the
hydrophilic region of the monomer when hydrogen bonding occurs.

PNIPAAm includes hydrophobic -CH>—CH>— and —-CH—(CHz)2 groups laid out in its
backbone and side chain, respectively and the hydrophilic —\N-H and C=0 groups laid
out in its side chain. Below LCST, hydrogen bonds between hydrophilic groups in
polymers and water molecules exhibit extended chain conformations. The hydrogen
bonds formed between N-H or C=0 groups of the polymer and water around the

polymer chains break as the temperature of the polymer solution approaches its
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transition point, collapsing the polymer molecule and forming a hydrophobic globule.
In addition, as the temperature increases, the remaining hydrogen bonds also break,
resulting in hydrophobic interactions dominating the polymer chains due to the
dehydration of the hydrophobic isopropyl group. Furthermore, above critical solution
temperatures (CST), PNIPAAmM's backbone folds onto itself to conserve hydrophobic
groups from water, causing the polymer to aggregate and separate from the solution

(Lanzalaco & Armelin, 2017; Leszczynski et al., n.d.; Ortiz De Solorzano et al., 2020;
Qiu & Park, 2001; Teotia et al., 2015).

The thermosensitivity of PNIPAAmM can easily be modified by modifying the side
chains or by incorporating co-monomers with different hydrophilic/hydrophobic
values (Kuckling et al., 2000). Furthermore, the LCST value of PNIPAAmM can be
adjusted by adding a co-monomer, and the nature of the co-monomer will determine
the LCST value. Hydrophobic compounds lower the LCST value, whereas hydrophilic
compounds raise it. As an example, by copolymerizing hydrophobic (N-tert
butylacrylamide) with hydrophobic (NIPAAm), the LCST is reduced by 10 °C, and it
is further reduced by increasing the composition of (N-tBAAm). Nevertheless, the
LCST of the copolymer of hydrophilic dimethyl acrylamide (DMAAm) and
(NIPAAM) was increased from 32 °C to 45 °C by increasing DMAAm composition
(“Encyclopedia of Polymeric Nanomaterials,” 2015). Copolymerization of hydrophilic
and hydrophobic monomers results in changes in the segmental mobility of a polymer
chain. Because of increased segmental mobility and flexibility, water is readily able to
penetrate the chain even at temperatures above the critical solution temperature (CST)
as a result. Alternatively, the size of the side groups, architecture, and molecular
weight of the molecule, as well as the concentration of polymer in solution should be

considered when determining the LCST value of a polymer (Ward et al., 2011).

The LCST value of PNIPAAmM decreases as the polymer concentration in the solution
increases. Furthermore, salts in the solution reduce the LCST value of the polymer.
An increase in polymer chain length or its concentration in solution reduces the LCST
value for PNIPAAmM. Moreover, salts in the solution decrease the LCST of the
polymer. Due to its solubility in water and LCST-body temperature, PNIPAAM is
widely used in pharmaceutical delivery systems and tissue engineering for

regenerative medicine (Flemming et al., 2021; Roy et al., 2013a; Ward et al., 2011).
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1.1.1.2 Poly(N-vinylisobutyramide) (PNVIBA)

The thermo-responsive properties of Poly(N-vinylisobutyramide) (PNVIBA) which is
a water-soluble poly(N-vinylalkylamide) based polymer are remarkable. PNVIBA in
Figurel.6 is a polymer synthesized from N-vinylisobutyramide (NVIBA), a derivative
of N-vinyl acetamide (NVA) by Akashi et al. (Roy et al., 2013a, 2013b).

%CHZ—CH%
| a

HsC CH3

Figure 1.6: Chemical structure of PNVIBA

A structural isomer of PNIPAAmM, poly(N-vinylisobutyramide) (PNVIBA), exhibits a
sharp thermal transition at 39°C (Suwa et al., 1997), but the cloud point is strongly
influenced by the concentration of the polymer in solution. In addition, the cloud point
of PNVIBA solutions decreases linearly as salt concentration increases. The
hydrophilic-hydrophobic balance of PNVIBA is similar to PNIPAM, but the transition
temperature is higher, which may be due to the microstructure of the hydrated polymer
(Roy et al., 2013a).

1.1.1.3 Poly(Oxyethylene Vinyl Ether) (PEOVE)

Poly(vinyl ether) containing an oxyethylene side chain was synthesized by Aoshima,
and the thermosensitivity of the polymers in an aqueous solution was demonstrate
(Aoshima et al., n.d.). Poly(2-ethoxyethyl vinyl ether)(PEOVE) exhibiting phase
transition at 20 °C is a poly(oxyethylene vinyl ether) based polymer in Figure 1.7.
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Figure 1.7: Chemical structure of PEOVE

Thermo-responsive poly(vinyl ether)s precipitate as a result of hydrophobic interaction
at higher temperatures above the LCST-type phase separation temperature. The
polymers with smaller polydispersity index exhibited sharp phase separation behavior
when temperature changes occurred. Furthermore, the behaviour of phase separation
differed among polymers with the same monomer composition but different sequence
distributions, such as random, diblock, and triblock polymers. By using systematically
prepared poly(vinyl ether), it is also possible to achieve a thermoreversible sol-gel
transition and to control gelation capability (“Encyclopedia of Polymeric

Nanomaterials,” 2015).

1.2 Polymer in Solutions

An understanding of polymer solution thermodynamics is based on understanding
what happens physically when the polymer is dissolved in a solvent with a low
molecular weight. Initially, the solvent molecules slowly diffuse into the polymer,
resulting in a swollen gel. If the polymer-polymer interactions are high, for example,
due to cross-linking or strong hydrogen bonds, then that will be all that occurs.
Alternatively, if the interaction between a polymer and a solvent is high enough, then
the gel disintegrates and the polymer dissolves to form a "true" solution. Once the
polymer is dissolved, it usually takes the form of a random coil mass whose

conformations occupy a volume many times greater than that of its segments alone.

When a solvent is good, interactions between polymer segments and solvent molecules
are energetically favorable, which will cause polymer coils to expand. When the
solvent is poor, polymer-polymer interactions are preferred, and the polymer coils will

contract. Solvent quality is determined by the chemical composition of both the
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polymer molecules and the solvent molecules, as well as the temperature of the

solution.

In a solvent, a real polymer chain behaves as an ideal chain at a temperature known as
theta temperature (To). Polymer segments act as ideal chains at the theta temperature
because the attractive interactions between them compensate for the repulsive
interactions caused by the excluded volume effect. Low temperatures (below Tp )
create collapsed polymer segments, which is why the solvent is called poor at these
temperatures. Additionally, as a result of the repulsive interaction between the polymer
segments, polymers at higher temperatures have more extended conformations, and
the solvent at these temperatures is considered a good solvent (Katsumoto et al., 2002;
Leszczynski et al., n.d.; Teraoka, 2002). Figure 1.8 illustrates how temperature affects

the behavior of a real chain and how an ideal chain behaves at the To temperature.

Figure 1.8: The effect of To on the conformational structure of polymers
1.3 Polymer Conformational Structure Overview

Many scientists have been interested in the conformational changes of polymers due
to the fact that the microscopic structures of polymers influence their macroscopic
properties. A polymer's conformation is generally affected by two types of
interactions: short-range interactions and long-range interactions. The concept of
short-range interactions refers to interactions between chain units that are physically
close to one another in terms of the path of the random walk, whereas long-range
interactions refer to interactions that are spatially close but may involve chain units
that are positioned at a distance from one another. The short- and long-range
interactions both involve chain units that are spatially close to each other as shown
Figure 1.9. It is believed that these interactions are derived from van der Waals

interactions, chemical bonds between side chains (such as hydrogen bonds and
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disulfide bonds), an affinity between polymers and solvents (such as hydrophobic
interactions), electrostatic interactions (such as electric dipoles and electrolytes), and
topological interactions (such as entanglements). A polymer's coil-globule transition

is thought to be caused by these interactive forces (Katsumoto et al., 2002).

L

Figure 1.9: Representation of the short (left) and long-range (right) interactions

A polymer chain can exist in any of its possible configurations, including tight coils
and straight chains. There are many possible conformations that would achieve a given
end-to-end distance, so its likelihood increases. A straight-chain can only be formed
by one conformation, but as the molecule becomes more coiled, the number of
conformations increases. As a result, a polymer chain tends to coil up to a certain
extent. An end-to-end chain distance can be estimated by considering a molecule as
being composed of n segments, where n is the number of segments in the molecule.
The segments are rigid but are freely jointed at both ends so that they can form any
angle with their neighboring segments. In order to construct a model molecule, each
successive segment can be added at a random angle, called a random walk. A random
walk may cross itself several times, but if it does not penetrate itself, a self-avoiding
walk is formed (Teraoka, 2002).

It is possible to construct a random walk more easily using a lattice, where the choice
of direction is limited and the step length is fixed. A lattice can also be used for a self-
avoiding walk( Figure 1.10).

Figure 1.10: Representation of the random walk (left) and the self-avoiding random
walk (right)
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Given the Kuhn length and the number of segments in a molecule modeled by a
random walk, we are able to estimate the distance between the ends of the molecule.

A vector represents each segment . 7,( Figure 1.11).

Figure 1.11: Vector representation of each segment in a chain

The effective length of the freely joined bonds on a bond on a polymer chain is known
as the Kuhn Length (b). It is a constant that is determined by the solvent's and
polymer's chemical compositions (Birshtein & Buldyrev, 1991. In the Kuhn segment
chain, the length of a fully stretched chain is L and calculated by L = N b. According
to the random walk model, R, the average end-to-end distance for a chain is R =N.b

(R?) = Nb? (1.1)

The effective length of the freely joined bonds on a bond on a polymer chain is known
as the Kuhn Length (b). It is a constant that is determined by the solvent's and

polymer's chemical compositions (Birshtein & Buldyrev, 1991).

1.4 Interactions in Polymer Chains

Intermolecular forces may be classifield into two parts as attraction and repulsion
forces. Attraction forces depend on the interparticle distance in n.th power inversely
(R™ ). These forces are of long range and, in general, orientation dependent.
Electrostatic forces(ion-dipole, dipole-dipole ), induction (dipole — induced dipole )
and dispersion (induced dipole — induced dipole ) forces are known as the type of
atraction forces. On the other hand, repulsion forces are of short range exhibiting exp
(-BR) depence on the interparticle distance and mostly of Pauli repulsion. There also
exist some complex interactions such as van der Walls ( sum of dipole-dipole, dipole
-induced dipole and dispersion forces), m — m stacking and hyrogen bonding which

have mostly an electrostatic character and highly directional.
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Hydrogen bonds (H-bonds) are the result of dipole-dipole forces between strongly
electronegative atoms (e.g., fluorine (F), nitrogen (N), oxygen (O)), and hydrogen
atoms. The hydrogen bond is usually represented by X— H...... Y and it is the result
of the interaction between a proton-donating bond X-H and a proton acceptor Y, where
X and Y represent electronegative atoms such as O, N, and Cl. So, we can consider
O—H...O, N—H...N, N—H...O, N—H...Cl and similar systems are typical,
conventional hydrogen bonds (Grabowski, 2004).

Having an understanding of the role of hydrogen bonding interactions is crucial since
they influence the physical properties and microstructures of many materials. For
example; PNIPAAm exhibits a unique volume phase transition from a hydrated state
known as a hydrophilic state with an expanded structure to a shrunken dehydrated state
known as a collapsed structure at a critical temperature. The LCST is primarily
influenced by the hydrogen bonding between water molecules and the structure of the
functional monomer units of PNIPAAmM; that is, the C=0 and N-H links.There is no
doubt that the intermolecular force between highly electronegative atoms (e.g., N, O,
F, and CI) and hydrogen atoms play an important role, particularly in small organic
molecules, inorganic acids, or among water molecules. During the dissolution of a
polymer in water, three kinds of interactions can take place: interactions between
polymer molecules, interactions between polymer chains and water molecules, and

interactions between water molecules alone.

In addition to hydrogen bonding, the nature of intermolecular and intramolecular
interactions in PNIPAAm solutions is sensitive to both temperature changes and the
nature of the solvent. The interaction between the PNIPAAmM molecules and solvents
can thus be distinguished into two types: (i) pure water and (ii) a mixture of water and
organic solvents. At transition temperature (32°C), PNIPAAm aqueous solutions
become abruptly turbid and easily switch to a liquid state when the temperatures fall
below that level. Figure 1.12 illustrates the stabilization of the collapsed state when
PNIPAAmM changes from its liquid to an almost solid state. This behavior is based on
the number and types of hydrogen-bonding interactions upon switchable response
(Grabowski, 2004; Jeffrey, 1996; Lanzalaco & Armelin, 2017).
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Figure 1.12: (a) PNIPAAm hydrogel swollen in aqueous solution below Tc (32 °C)
(b) dehydrated PNIPAAm hydrogel shrunken above Tc (32 °C) (Lanzalaco &
Armelin, 2017)

The interactions between nearby monomers, known as short-ranged interactions, and
monomers separated by a great distance, known as long-ranged interactions, determine
the chain configurations. The covalent bonds between a polymer's monomers, which
stand in for short-range interactions, determine how flexible it is. The prevalence of
particular polymer conformations is determined by long-range interactions between
polymer segments that are positioned considerably apart along the polymer chain
backbone. A sign of long-ranged interactions that prevent two polymer segments from
occupying the same space location is the excluded volume effect. The
incompressibility restriction limits the sum of the volume fractions of the components
in a mixture. Furthermore, the interactions between the polymer segments from the
same chain, different chains, and the surrounding molecules, such as solvent
molecules, can be either attractive or repulsive. The polymer conformations are
impacted by these interactions, such as van der Walls, hydrogen bonding, and dipole-
dipole interactions and so on (see section 1.3 polymer conformational structure

overview).

Van der Waals attraction between molecules is the result of the presence of induced
electric dipole moments on a nearby nonpolar molecule, which corresponds to the
effective separation of charges within the molecule, resulting in a van der Waals
attraction between molecules. An induced polar molecule is likely to attract other polar
molecules, resulting in a special type of interaction. This interaction can be observed
in polymer mixtures between unbound monomers or between solvent molecules. The

van der Waals forces in a system are disrupted by normal thermal molecular motion. At
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lower temperatures, Van der Waals forces become more effective at ordering
molecules, leading to polymer condensation. Thermal motion declines with decreasing
temperature, so van der Waals forces become more effective in order to keep the

molecules in place.

1.5 Thermodynamic Behavior of Polymer Solutions

It is necessary to understand the thermodynamic picture to predict the thermo-
responsive behavior of the polymer. At the reaction conditions, Gibbs free energy (AG)
must be negative for a process to be thermodynamically feasible. As mentioned above,
a variety of interactions occur between polymers and solvents during polymer
dissolution. Consequently, all of these interactions would result in negative values for
enthalpy and entropy for spontaneous dissolution of the polymer in a solvent,
producing a homogeneous system. If the value for (AG) is positive at a certain
temperature for a polymer-solvent system, then the polymer will not be miscible with
the solvent, and two different phases will exist.

AG = AH — TAS (1.2)

Polymers with LCST behavior exhibit negative Gibbs free energy at normal
temperatures and are soluble in aqueous solutions. A thin layer of water molecules
forms around the hydrophilic part of the polymer, which contributes to the negative
enthalpy of the dissolution process. Water molecules form a structured arrangement
around the hydrophobic part of a polymer. These water molecules form extensive
hydrogen bonds, thereby reducing the reaction's entropy (AS). The entropy of the
aqueous polymer system increases as the temperature is raised, which results in
hydrogen bonds breaking, causing the hydration shell to collapse. In this case, the
entropy of the system increases more than the negative enthalpy of the reaction, giving
a positive value to Gibbs free energy. Hydrophobic interactions increase when
hydrogen bonds are broken and hydration shells are lost. Consequently, chain collapse
and intermolecular aggregation lead to the separation of polymer chains into two
phases, suppressing conformational changes of polymer chains. The enthalpy and
entropy of UCST polymers are positive, decreasing with increasing temperature,
showing opposite behavior to that of LCST polymers (Imberg, n.d.; Teotia et al.,
2015).
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1.5.1 Flory-Huggins theory

The Gibbs free energy of mixing AGm must be negative for a polymer-solvent binary
mixture to result in a homogeneous solution (see section 1.5). There are two main
contributions to the Gibbs free energy density: an entropic part resulting from the
variety of polymer chain configurations, and an enthalpic part resulting from
interactions between polymer-solvent (p-s), polymer-polymer (p-p), and solvent-

solvent (s-s).

According to Flory-Huggins theory [FH], the Gibbs free energy of mixing is:

AGy, = RT[@;N;In@; + @2N; In @, + X160, ] (1.3)

where the volume fractions of the two species in the binary mixture are @1 and ¢2,
respectively. Consider that (¢1 + @2) = 1. The number of lattice sites occupied by each
type of molecule is defined by N1 and N2, and the Flory-Huggins interaction
parameter is represented by y. The FH equation for polymer solutions seems like this
when N1 = N and N2 = 1 are substituted. A contribution from entropy is represented
by the first two terms, and an energetic contribution is represented by the last term.
For polymer—solvent systems, the entropy of mixing is small at low concentrations,
which is why the change in interactions upon mixing determines the miscibility.
Typically, we are considering short-range interactions here, including van der Walls
interactions (also known as dispersions), hydrogen bonds, and dipole-dipole
interactions. The difference in interaction energies in the mixture is described by the
dimensionless quantity known as the Flory-Huggins interaction parameter [y]. To
forecast the phase diagram of the mixture, it is essential to understand the value of the

Flory interaction parameter[ y].

On the basis of the equation developed by Hildebrand and Scott, the y for non-polar
mixtures can be predicted as follows:

X ~ Vo(81—87)2

- (1.4)

where Vo is the molar volume of the polymer chain segment, 61 and 52 are the
Hildebrand solubility parameters. Eq.(1.4) is more frequently used to describe non-
polar polymer solutions, which have constant and positive y values independent of

temperature (Kuckling et al., 2012; Leszczynski et al., n.d.).
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1.5.2 Phase behavior of polymer solutions

It is well known that temperature-responsive polymers exhibit a miscibility gap that is
influenced by temperature in aqueous solutions. Within the miscibility gap, the
mixture splits into two composition phases, one polymer-rich and another solvent-
rich. (¢', d'")

The binary mixture phase diagram of these polymers clearly demonstrates this
transitional behavior. The phase diagram is characterized by the spinodal and binodal
curves, as well as the critical point. Spinodal curves represent the limit of
thermodynamic stability for single-phase mixtures, whereas binodal curves represent
the extent of the stable, homogeneous region. At the critical intersection of the spinodal

and binodal lines, where :
0°G /0?2 =03G/0dp3 =0 (1.5)

The two lines come together. Figure 1.13 illustrates the conformational changes of
polymers in one- and two-phase regions. The critical point is the extremum point of
the boundary curve. These characteristics are strongly influenced by the interaction

parameter[x].
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Figure 1.13: LCST and UCST phase diagrams for polymer solutions (Flemming et
al., 2021)

The most common empirical form of x(T) is as follows:

x(T)=a +$ (1.6)
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In this form, a and b experiment constants. It is generally assumed that results from
local entropic factors and b from enthalpic factors. Accordingly, for the simplest case

where[x] varies inversely with T, a and b have values greater than zero.

In the case of positive b and [x] decreasing with T, the polymer mixture will be phase-
separated at low T and become homogeneous as T increases. In phase behavior, this
phenomenon is referred to as upper critical solution temperature or UCST. The
converse case, where b is negative, results in lower critical solution (LCST) phase
behavior (Figure 1.14). As a result, the polymer mixture is homogeneous at low
temperatures and separates into phases upon heating (Flemming et al., 2021; Imberg,
n.d.).
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Figure 1.14: Temperature vs. polymer volume fraction. (a)LCST (b)UCST
behaviour (Ward et al., 2011)

The purpose of this master's thesis is to provide insight into the effect of intermolecular
interactions on conformational transitions in single chains of thermo-responsive
polymers. To this end, Poly (N-isopropylacrylamide) (PNIPAAm), Poly(N-
vinylisobutyramide) (PNVIBA), and poly(2-ethoxyethyl vinyl ether)(PEOVE)
exhibiting LCST behavior in water were studied to examine structural changes by
using DFT. The hydrogen bond interaction of the water molecule with the pentamer

of these monomers was modeled by testing various configuration.
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2. THEORY

The term theoretical chemistry refers to the mathematical description of chemistry. On
the other hand, Computational chemistry refers to the application of mathematical
methods to chemistry which can be automated for implementation on a computer
through the use of automata. There is no mention of the words "exact™" or "perfect™ in
these definitions.There are very few aspects of chemistry that can be computed
precisely, but almost all aspects of chemistry can be described in terms of a qualitative

or approximate numerical computation.

The use of computational methods in chemistry has become useful for solving complex
problems in order to help researchers predict the outcome of experimental
investigations before they embark on them. As a result, computational chemistry helps
researchers save time and money. It is based on quantum mechanics, classical
mechanics, statistical mechanics, and thermodynamics. As molecules consist of nuclei
and electrons, quantum mechanical methods are used to study them. The quantum
mechanical calculation procedure typically utilizes ab initio, empirical, or semi-

empirical approaches in order to solve a set of simplified Schrodinger equations (2.1).
HY = E¥ (2.1)

where YV is the wavefunction of the system, E is the energy of the system, and H is the
Hamiltonian operator to determine kinetic and potential energy.

In principle, it is possible to solve the Schrodinger equation, either in its time-
dependent form or in its time-independent form based on the problems at hand, but
this is not possible in practice except for very small systems. Thus, a great number of
approximate methods are designed to achieve the best balance between accuracy and
computational cost. Molecular properties can be routinely and very accurately
calculated using computational chemistry for molecules containing no more than 10-

40 electrons. By using approximate methods, such as Density Functional Theory
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(DFT), larger molecules that contain larger systems up to 1000 atoms can be computed
(Lewars, 2011; Young, 2001).

Comptational chemistry is classified into non- emprical, semi-emprical and molecular

mechanics (Figure 2.1). This section, however, focuses on only density functional
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Figure 2.1: Methods in computational chemistry

2.1 The Density Functional Theory (DFT)

The Density Functional Theory (DFT)is based on the total electron density instead of
the wave function. There is an approximate expression for the total electron density
used in this type of calculation. DFT methods have the capability to provide relatively
accurate results with low computational cost. There is no systematic way to improve

the approaches by enhancing the functional form, in contrast to ab-initio methods.

DFT was first introduced by Hohenberg and Kohn in 1964, however, it only covered
virtual functionals, while Kohn and Sham introduced the formal functionals based on
total electron density in 1965. Kohn-Sham is the most common method for

implementing density functional theory.
In density functional methods, the electronic energy is divided into several terms.
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The kinetic energy is given by Er, the potential energy of nuclear-electron attraction
and nuclear-nuclear repulsion is given by Ev, and the electron-electron repulsion term
is given by E;. The exchange-correlation term, Exc, includes the remaining electron-

electron interactions, but the exact calculation of this therm not known.

Except for nuclear-nuclear repulsion, all terms are functionals of the electron density,
p(r). Exchange functionals and correlation functionals are two categories for Exc. As
a result of the antisymmetry of the quantum mechanical wavefunction and the dynamic

correlation in electron motion Exc represents the exchange-correlation energy.

In terms of electron density, the variational principle determines the ground state
energy and electron density. Moreover, the ground state electron density p(r)
determines the external potential v(r) as well as the ground state properties of the

system of interest in a variational manner.

Electronic energy can be expressed as a functional of electron density:

E[p] = J vp(X)dr + T[p] + Veelp] (2.3)

where Vee [p] represents interelectronic interactions and T[p] represents the kinetic

energy of interacting electrons.

In terms of electronic energy, the Kohn-Sham approach may be applied.

Elp] = [ v(D)p(r) + Ts[p] + J[p] + Exclp] (2.4)

This approach relies on an orbital density description which eliminates the need to
know the exact form of T[p]. According to Kohn-Sham, the kinetic energy of a non-
interacting system of electrons Ts[p] should be viewed as a functional of a set of

orbitals describing the exact density of a particle.

Ts[p] = ZL<% |—§v2| tpi> (2.5)

J[p] indicates electron-electron repulsion (Coulomb energy), and E [p] indicates
exchange-correlation energy, with its functional derivative, called exchange-

correlation potential ),v xc (r).

Exc[p] = T[p] - Ts [p] + Vee [p] - ][p] (26)
Vye(r) = 28 @)
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Specifically, Ex[p] has two components: an exchange functional, Ex[p], and a
correlation functional, Ec[p] .

Exclp] = Ex[p] + Ec[p] (2.8)
Ex[p] and Ec[p functionals can be local as well as generalized-gradientfunctional.

Local density functionals(LDA) depend on electron density p, whereas generalized-

gradient (GGA) functionals depend on both p and its gradient, Ap.

A system of non-interacting electrons moving in an external effective potential ves (r)

is shown as follows:

_ d]lp] |, 9Exclp]l _ p(r) ; ,
Verr(r) = v(r) + %@ + o) viD) + [ ] dr’ + v (r)  (2.9)

There is now an equation that is very similar to the Schrodinger equation.
1
[— SV2 4+ Veff(r)] Ui = &y (2.10)
(2.4) to (2.9) are known as Kohn-Sham Equations.

The exchange-correlation functional is evaluated using several approximations. The
first one is the local density approximation (LDA). The model is based on the concept
of the uniform electron gas. The uniform electron gas model involves a large number
of electrons uniformly spread out in a cube, where the positive charge is distributed
uniformly to make the system neutral. The energy expression assumes that the charge
density varies slowly throughout the molecule so that a localized region of the

molecule behaves like a uniform electron gas.

Elp] = Tslp] + [ p(1)v(r) dr +J[p] + Exclp] + Ep (2.11)

In this equation, Ep is the electrostatic energy of the positive background. Since the
positive charge density is negative to the electron density, the equation can be rewritten

as follows:
E[p] = Ts[p] + Exclp] = Tslp] + Ex[p] + Ec[p] (2.12)
Exchange-functional may be defined in terms of electron density.

The DFT method involves the combination of an exchange functional and a correlation
functional, thus defining LDA, GGA or hybrid functionals.

Unlike BLYP (Becke's gradient-corrected exchange functional combined with Lee-

Yang-Parr's gradient-corrected correlation functional) B3LYP (Becke's three-
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parameter functional combined with Lee-Yang-Parr correlation functional) is a hybrid
functional combining LDA, B88, and LYP functionals.

Exc = ELPA + ao(E§*¥2* — ELPA) + a,AEB®S + a AEpon-Tocal (2.13)

It can then be shown that AEx B8 is Becke's gradient correction and that Lee-Yang-

Parr functional provides a correction for the correlation (AExc""10%),

Becke specifies the parameters by fitting atomization energies, ionization potentials,
proton affinities, and first row atomic energies in the molecule set, a0=0.20, ax=0.72
and ac=0.81. Compared to LDA and GGA functionals, hybrid functionals have been
proven to be more effective (House, 2018).

2.1.1 Basis sets

A basis set consists of a set of mathematical functions. Slater type orbitals (STO) and
gaussian type orbitals (GTO) are the frequently used basis functions which form the
very well known STO-nG and split-valence basis sets. A number of basis sets are
developed, such as the minimal basis sets (STO-3G), split-valence basis sets. (3-21G,
6-31G* , 6-31+G* ... ) where (*) represents the polarization functions and (+) for

diffuse functions.

In this study, both hybrid and dispersion corrected functionals were used. B3LYP
which is a Becke three-parameter hybrid functional, LC-wPBE, and CAM-B3LYP

which are functionals including long range correction (Sherrill, 2017).

2.1.2 The Basis set superposition error (BSSE)

The basis set superposition error (BSSE) is one of the major obstacles to the accurate
prediction of interaction energies in quantum chemical calculations. There are several

reasons why BSSE elimination is important, one of which is that the magnitude of the

BSSE can be large as compared to the interaction energy. BSSE is often cited as the

source of overbinding of van der Waals complexes (Galano & Alvarez-ldaboy, 2006).

As described above, each monomer in the dimer can co-share basis functions from the
other monomer, lowering the energy of the in order to compensate for BSSE, a variety
of strategies can be applied. The counterpoise Method (CP) is commonly used method
for eliminating BSSE. This method estimates the size of artificial stabilization. As a

result of the CP method, the artificial energy provided by the orbitals of the monomers
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to each other is added to the interaction energy to obtain the corrected energy value
(Boys & Bernardi, 1970) . A and B are two fragments in equation 2.14.

Epsse = [EAB(A) — EA(A)] + [E*B(B) — EB(B)] (2.14)
AE;,. = EAB(AB) — EA(A) — EB(B) (2.15)
AEGT, = AEin + Epsse (2.16)
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3. METHODOLOGY

The gas phase geometry optimizations for dimer, trimer, tetramer, and pentamer
oligomers of PNIPAAm, PEOVE, PNVIBA were performed by using Density
Functional Theory (DFT). Calculations were carried out using the B3LYP functional
and 6-31G(d,p) basis set, which are known to perform well when optimizing the
geometry of organic molecules.. To obtain the global minimum structure on the
potential surface of the molecule, many different conformers of the studied monomers
were searched by performing a conformational analysis. Next, the electronic energies
obtained from the optimization calculations were compared and the structures with the
lowest energies were selected. In order to model hydrogen bond interactions, various
configurations of water-pentamer complexes were studied. Water molecules were
added in 1:1, 1:2, 1:3, 1:4 up to 1:18 ratios to the oligomeric chain of existing
thermoresponsive oligomers, resulting in spatial configurations. Thermodynamically
stable configurations were found after the geometry optimization. In order to provide
a quantitative interpretation of the hydrogen bond, the interaction energies were
calculated. The basis set superposition error (BSSE) was considered in all calculations.
The zero point energy correction (AZPE) was also added to the interaction energies.
Interaction energies were calculated with three types of functionals as B3LYP, LC-
wPBE and CAM-B3LYP in 6-311G(2df,2pd) basis set.

As part of investigation, calculations were performed for monomer::-monomer
interactions with and without solvent molecules and the effect of the oligomer size on
the conformations were studied. In order to observe conformational changes in the
backbones, Radius of gyration (Rg) and Root-mean-square deviation (RMSD) were
calculated between the oligomer-water complexes and the unhydrated

oligomer chain.

All calculations in this study were executed by using the Gaussian '16 (Gaussian 09

Citation | Gaussian.Com, n.d.) software.
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Throughout the thesis, the unit of the intermolecular distance (rint) is given in Angstrom
(A) and the following color coding is utilized (Figure 3.1).

9,00

Figure 3.1: Color coding in GaussView
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4. RESULT AND DISCUSSION

41 PNIPAAM

In order to observe the conformational transitions of a single chain, PNIPAAmM was
examined. To this end, the structure optimization of the dimer, trimer, tetramer, and
pentamer oligomers of PNIPAAmM( Figure 4.1) was performed in a vacuum by using
density functional theory (DFT) with the B3LYP functional and 6-31G(d,p) basis set

for their global minimum structures.

Figure 4.1: PNIPAAm (A) dimer (B) trimer (C) tetramer (D) pentamer
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The pentamer,(Figure 4.1 D), the longest chain oligomer, was chosen to model
PNIPAAm-water complexes. Figure 4.2, 4.3, 4.4, 45 illustrates the modeled

PNIPAAmM pentamer structures by adding water molecules at ratios of 1:1, 1:2, 1:3,
1:4,1:5t0 1:18.

Figure 4.2: PNIPAAm pentamer /water systems with ratio of 1:1, 1:2, 1:3, 1:4,1:5
and 1:6 respectively.
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Figure 4.3: PNIPAAm pentamer /water systems with ratio of 1.7, 1:8, 1:9, 1:10,
1:12 and 1:14 respectively
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Figure 4.5: PNIPAAm pentamer /water systems with ratio of 1:18

The total interaction energy between PNIPAAmM and water was calculated according
to the following formula,

Eint = Epw — (Ep + nE,,) 4.1)

where Ep, Ew, and Epw are the energies of PNIPAAm pentamer, water molecules, and

PNIPAAm-water complexes,respectively (n specifies the number of water molecules).

Interaction energies were also calculated with B3LYP, LC-wPBE, and CAM-B3LYP
functionals and 6-311G(2df,2pd) basis set. The final results were additionally
corrected by the basis set superposition error (BSSE) with counterpoise method.
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Interaction energies were also corrected by the addition of zero point energies (AZPE).
The results are summarized in Table 4.1

Table 4.1: The interaction energies of the optimized water-PNIPAAmM complexes at
different levels of theories in 6-311G(2df,2pd) basis [in kcal.mol™]

Composition Lc CAM ZPE
B3LYP wPBE B3LYP
(pentamer:water) corrected
01:01 -11.97  -12.08 -13.92 -9.37
01:02 -18.16  -18.40 -21.47 -13.57
01:03 -22.26 -22.78 -26.61 -16.34
01:04 -40.22 -4091 -47.39  -31.40
01:05 -56.46  -57.09 -66.05 -45.24
1.6 -65.34  -66.44 -76.93 -51.03
01:07 -73.06 -74.01 -85.64 -56.72
01:08 -78.17 -80.62 -93.62 -57.84
01:09 -85.56 -88.56 -102.69 -62.92
01:18 -222.02 -257.83 -280.73

It is clear to conclude that increasing the number of water molecules resulted in
stronger interactions. With the inclusion of fourth water molecule, it is observed that
the geomery of the water molecules allowed more than one H-bonding interaction,

thus, its contribution lowered the ineteraction energy values further.

Next, polymer segment:--solvent and polymer segment:--segment interactions were
investigated to account on their impact on the polymer chain conformation in
solutions. To demonstrate the interactions between polymer segments,
monomer---monomer interactions of NiPAAm were considered. Monomer...monomer

interaction energies were calculated at B3LYP/6-31G(d,p) level. (Figure 4.6)
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Eint = -5.45 kcal/mol

2.03

—
——

Figure 4.6: The structure and the corresponding interaction energy (Eint) of
NiPAAm---NiPAAm monomers

The investigation also included calculations of the monomer-monomer interactions

with solvents. (Figure 4.7)

Ein= -26.34 kcal/mol

Figure 4.7: The structure and the interaction energy of NiPAAM---NiPAAM with 3
water moelcules

The structure and the interaction energy calculated by interacting NIPAAm with
optimized two water molecules and NIPAAm with optimized one water molecule.
Figure (4.8)
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Eint = -8.51 kcal/mol r

Figure 4.8: The interaction energy of NIPAAm(2w)...NIPAAm(1w)

Dimer ---dimer interactions with and without solvents are considered to observe the

effect of the oligomer size on the single chain.( Figure 4.9 and 4.10)

$ /
12,
. Eint =-9.64 kcal/mol / e

\
2.02%

\<J

Figure 4.10: The interaction energy of dimer NIPAAm... dimer NIPAAmM with
solvent
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Comparison of the interaction energy values of dimer and monomer NIPAmM..NIPAm
were listed in Table 4.2.

Table 4.2: Comparison of the interaction energy of dimer and monomer

Eint Eint dimer....dimer
monomer..monomer (kcal/mol)
(kcal/mol)
-5.45 -9.64
Eint Eine dimer....dimer
monomer..monomer :
| with water
with water
-8.51 -24.84

The results have shown us that increasing the length of the single chain without water
results with a lower interaction energy of -9.64 kcal/mol as compared to -5.45 kcal/mol
for the monomer. As a result of the presence of water molecules in the dimer oligomer
environment, it exhibits a stronger impact and decreases the interaction enery even
further to -24.84 kcal/mol, as compared to -8.51 kcal/mol for the monomer. In the
presence of water molecules, the total interaction becomes stronger and also the effect
of water media on the strength of the interaction is more clear in the dimeric structure

compared to the monomer case.

Listed Table 4.3 presents the calculated values and their comparison to those in the

study of Juan Pang et al. (Pang et al., 2011)

Table 4.3: Comparison of the calculated energies from this work and from literature.

this work Ref*
B3LYP/6-| MP2/6-
31G(d,p) |31G+G(d,p)
Monomer | 5,45 5.43
monomer
2Monomer /
3W -26.34 -
Monomer+1W
/ monomer -8.51 -8.25
+2W

*, Pangetal., 2011
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As a further investigation, Pymol (PyMOL | Pymol.Org, n.d.) was used to calculate
the Root-mean-square deviation (Rmsd) value. The value of the Rmsd was found
0.247 A. The backbones of PNIPAAm pentamer and PNIPAAmM-18 water complex are

overlapped to observe the conformational changes. (Figure 4.11)

Figure 4.11: (A,B) Images of the overlap of PNIPAAmM pentamer (green) and
PNIPAAmM-18 water complex (blue) backbones from different angles)

Radius of gyration (Rg) of the single chain represents the size and conformation of the
oligomer during the simulation; larger Rg values indicate extended states, while
smaller Rg values indicate collapsed states. Therefore, radius of gyration value was
also calculated for further investigation on the change of the chain conformation. The

results are summarized in Table 4.4.

Table 4.4: Radius of gyration values for PNIPAAmM

Radius of gyration values (A)
PNIPAAmM /18 water complex 5.14
PNIPAAmM pentamer 6.31

The radius of gyration value of PNIPAAmM -18 water complex is lower than pentamer
without water. These results demonstrate that the chain ends are getting closer to one
another, that is, the Rg value indicates the transition from extended states to collapsed
state. De Oliveira et al. have studied simulations of single-chain oligomers of PNnPAm
from 4 to 32-mers to understand the changes in the radius of gyration induced by the
coil-toglobule transition of PNnPAmM below and above the LCST. It has been found

that Rg is equal to 6.6 A for oligomers with 8-mers. (de Oliveira et al., 2018)
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4.2 PNVIBA

Figure 4.12 ilustrates the optimized structure of PNVIBA pentamer.

Figure 4.12: PNVIBA pentamer

Figures 4.13, 4.14, 4.15, 4.16 illustrates PNVIBA pentamer modeled structures by
adding water molecules at ratios of 1:1, 1:2, 1:3, 1:4, 1:5to 1:18.

XF

7’3,

/
A B

Figure 4.13: PNVIBA pentamer /water systems with ratio of 1:1, 1:2 respectively
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H

Figure 4.14: PNVIBA pentamer /water systems with ratio of 1:3, 1:4, 1.5, 1:6,1:7
and 1:8 respectively
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Figure 4.15: PNVIBA pentamer /water systems with ratio of 1:9, 1:10, 1:12, 1:14,
1:16 and 1:18 respectively
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Figure 4.16: The structure of PNVIBA with 18 water molecules

PNVIBA-water interaction energy was calculated using the equation 4.1. In all of the
investigated systems, geometry optimizations were performed for PNVIBA pentamer,
water molecules, and PNVIBA-water complexes and basis set superposition error
(BSSE) was additionally applied to correct the final result. Additionally, zero point
energy (AZPE) was also added to the interaction energies to correct them. The results

are summarized in Table 4.5.

Interaction energies were also calculated with B3LYP, LC-wPBE, and CAM-B3LYP
functionals and 6-311G(2df,2pd) basis set.

Table 4.5: The interaction energies of the optimized water-PNVIBA complexes at
different levels of theories in 6-311G(2df,2pd) basis [in kcal.mol-1]

Composition ZPE
B3LYP LC-wPBE CAM-B3LYP

pentamer:water corrected
1:1 -5.75 -6.03 -7.23 -3.84
1:2 -14.85 -15.80 -18.39 -10.39
1:3 -26.35 -26.60 -30.95 -19.88
1:4 -32,83 -29.24 -35.11 -24.30
1:5 -38.20 -38.73 -45.63 -27.87
1:18 -169.11 -172.03 -199.18 -123.2

The energy of each hydrogen bond is approximately equal to -5 kcal/mol. It is clear to

conclude that the addition of a second water molecule allowed more than one H-
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bonding interaction, thus, its contribution lowered the ineteraction energy values
further. Thus, the total interaction becomes stronger.

NVIBA...NVIBA monomer-monomer interactions were shown in Figure 4.17.

Eint= -6.79 kcal/mol

Figure 4.17: Optimized structure and the interaction energy (Eint) at B3LYP/6-
31G(d,p) level for NVIBA...NVIBA monomer-monomer interaction.

NVIBA.. NVIBA monomer-monomer interactions with solvents were shown in
Figure 4.18 and 4.19.

Eint=-37.83 kcal/mol

( l
193/
/ \

/
Lagh, /185

- - ——

Figure 4.18: Optimized structure and the interaction energy (Eint) of NVIBA-
NVIBA monomer interaction with 3 water molecules calculated at B3LYP/6-
31G(d,p) level of theory.
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Eint= -21.44 kecal/mol

= ()
1.93/
/ ~

/
4 1.85

1.88'\ /

1.92

- — —

Figure 4.19: Optimized structure and the interaction energy (Eint) of
NVIBA(2w)...NVIBA(1w) fragments calculated at B3LYP/6-31G(d,p) level of
theory.

It is clear to conclude that monomer with water molecules present in the segments

formed stronger interactions, as expected.

RMSD value was found 0.646 A by using PyMOL programme (PyMOL | Pymol.Org,
n.d.). The backbones of PNVIBA pentamer and PNVIBA-18 water complex are

overlapped to observe the conformational changes. (Figure 4.20)

B

Figure 4.20: (A,B) Images of the overlap of PNVIBA pentamer (green) and
PNVIBA-water complex (blue) backbones from different angles

The results of the radius of gyration values(Rg) are summarized in Table 4.6
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Table 4.6: Radius of gyration values for PNVIBA

Radius of gyration values (A)

PNVIBA/18 water complexes 6.31
PNVIBA pentamer 7.24

The difference in radius of gyration between pentamer without water and PNVIBA -
18 water complex is 0.93 A. The radius of gyration value of PNVIBA -18 water
complex is lower than pentamer without water. This indicates the transition from an

extended state to a collapsed state.

43 PEOVE

In the final part of the investigation, PEOVE was examined in order to observe
conformational transitions within a single chain.The optimized structure of PEOVE

pentamer was shown in Figure 4.21

Figure 4.21:The optimized structure of PEOVE pentamer

Figures 4.22, 4.23, 4.24, 4.25 illustrates PEOVE pentamer modeled structures by
adding water molecules at ratios of 1:1, 1:2, 1:3, 1:4, 1:5 up to 1:18.

68



Figure 4.22: PEOVE pentamer /water systems with ratio of 1:1, 1:2, 1:3, 1:4, 1.5
and 1:6 respectively
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Figure 4.23: PEOVE pentamer /water systems with ratio of 1:7, 1:8, 1:9, 1:10,
1:12, 1:14 respectively
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Figure 4.24: PEOVE pentamer /water systems with ratio of 1:16, 1:18, respectively

4

v 3, L)X

Y
: »

X
J
/ / ) A

Figure 4.25: The structure of PEOVE with 18 water

PEOVE-water interaction energy was calculated using the equation 4.1. The results
are summarized in Table 4.7.
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Table 4.7: The interaction energies of the studied PEOVE-water complexes at
different levels of theories with the 6-311G(2df,2pd) basis set [in kcal.mol-1]

Composition Lc CAM ZPE
B3LYP wPBE B3LYP
(pentamer:water) corrected

01:01 -5.22 -5.58 -6.76 -2.94
01:02 -9.37 -10.16 -12.12  -5.08
01:03 -1495 -16.15 -19.33  -8.45
01:04 -23.85 -2531 -30.14 -14.14
01:05 -28.26 -30.11 -35.75 -16.51
01:18 -214.83 -248.33 -271.54

The energy of a hydrogen bond is approximately equal to -5. kcal/mol, and total
interaction increases with each hydrogen bond added to the structure. It is clear to
conclude that the addition of fourth water molecule makes two more hydrogen bonds,
as in PEOVE case.

RMSD value was found as 0.078 A by using PyMOL programme (PyMOL |
Pymol.Org, n.d.). The backbones of PEOVE pentamer and the PEOVE-18 water

complex are overlapped to observe the conformational changes. (Figure 4.26)

A

Figure 4.26: Images of the overlap of PEOVE pentamer (green) and PEOVE-18
water complex (blue) backbones from different angles
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The results of the radius of gyration values(Rg) are summarized in Table 4.8

Table 4.8 Radius of gyration values for PEOVE

Radius of gyration values (A)

PEOVE/18 water complexes 8.46
PEOVE pentamer 9.14

The difference in radius of gyration between pentamer without water and PEOVE -18
water complex is 0.68 A. The radius of gyration value of PEOVE -18 water complex
is lower than pentamer without water. This indicates the transition from an extended

state to a collapsed state.
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5. CONCLUSION

The thermo-responsive behavior of polymers in solution is determined by the
hydrophobic and hydrogen bonding interactions between the polymer segments and
the solvent. These thermo-responsive polymers exhibit a significant chain
conformation change in the presence of water molecules at transition temperatures.
The understanding of conformational transitions in polymer chains is crucial to
understand the role played by the functional groups and how they interact with water.
For this reason, in this thesis, an investigation was performed to understand the effect
of the intermolecular interactions on conformational transitions of temperature-
responsive materials that exhibit LCST behavior in water using quantum mechanical
methods. To this end, Poly (N-isopropylacrylamide) (PNIPAAmM), Poly(N-
vinylisobutyramide) (PNVIBA), and poly(2-ethoxyethyl vinyl ether)(PEOVE)
exhibiting LCST behavior in water were studied to examine structural changes by
using DFT. In order to model the hydrogen bond interaction between the water
molecule and the pentamer chain, which is the longest oligomer chain optimized, the
water molecule was incorporated into the oligomer chain in ratios up to 1:18. The
interaction energies of PNIPAmM, PNVBA, and PEOVE were calculated by considering
basis set superposition error (BSSE) and ZPE corrections. As a result of our
calculations, the increasing number of water molecules results in an increase in the
strength of the interaction.(Table 4.1, Table 4.5, Table 4.7)

Two kinds of molecular interactions are thought to be principally responsible for the
conformational status of macromolecules in solution: polymer segment:--solvent and
polymer segment---segment interactions. It is clear to conclude that the competition
between these two types of interactions results in different conformations of polymer
chains in solutions. With this aim, monomer---monomer interactions with and without

solvents and the effect of the oligomer size on the conformations were investigated.
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In consequence, in the presence of water molecules, the total interaction becomes
stronger and also the effect of water media on the strength of the interaction is more

clear in the dimeric structure compared to the monomer case. (Figure 4.10)

In order to observe conformational changes in the backbones, Radius of gyration (RQ)
and Root-mean-square deviation (RMSD) were calculated between the oligomer-18
water complexes and the unhydrated oligomer chains. Based on the results, it can be
concluded that the chain ends are getting closer to one another, in other words, the Rg
value indicates the transition from extended states to collapsed states.(Table 4.4, Table
4.6, Table 4.8)

According to literature, the difference of radius of gyration (Rg) values of a PnnPAmM
has been found 1 A despite of length of chain N = 32 mer by using molecular
dynamics.With this work herein, we showed that at least two oligomeric chains are
required to consider intramolecular and intermolecular interactions. Therefore, it is

possible to observe a significant change (de Oliveira et al., 2018).
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