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Abstract

The phase behavior of a water-soluble, non-ionic polymer namely poly(N-acryloyl

glycinamide) (poly(NAGA)) was studied by molecular dynamics simulation. Poly-

NAGA is experimentally observed to exhibit the so-called upper critical solution

temperature (UCST) phase behavior in water. This is atypical as majority of

water-soluble, non-ionic polymers exhibit the opposite phase behavior – the lower

critical solution temperature (LCST) phase behavior. In this work, the conforma-

tion of polyNAGA in water, which is quantified by its radius of gyration, was used

to infer the solubility behavior of the polymer. In particular, radii of gyration

of polyNAGA in water over the temperature range that the polymer is observed

to exhibit the UCST behavior were calculated from MD simulations. It is worth

noting that a polymer that is soluble in a solvent tends to exhibit larger radius

of gyration. Situations involving single and multiple chains in water were exam-

ined. Different partial atomic charge assignment methods, force fields and water

models were used to determine whether the UCST phenomenon could be repro-

duced. Two single chain models, one with 10 repeating units while the other 30

repeating units along with 2,109 and 6,982 water molecules were used to build the

corresponding polyNAGA solutions. Respective concentrations of the polyNAGA

solutions were 3.3 and 2.9 wt%. The multiple chain model contained 5 polyNAGA

chains each with 30 repeating units and 16,273 water molecules (6.2 wt% poly-

NAGA). The COMPASS, OPLS-AA, charge equilibration (QEq), and Gasteiger

charges were assigned to all the atoms in polyNAGA. The dispersion interactions

were described by the OPLS-AA and AMBER force fields. TIP4P, TIP3P and
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SPC/E water models were used. It was found that for the solution model contain-

ing a single polyNAGA chain with 10 repeating units, use of the OPLS-AA force

field along with the Gasteiger charges and TIP4P water model yielded an inverse

temperature dependence of the radius of gyration of polyNAGA, suggesting the

UCST phase behavior. In particular, the radius of gyration of polyNAGA was

determined to be 0.65 nm ± 0.04 nm at 360 K while that at 280 K was 0.56 nm ±

0.01 nm. The number of hydrogen bonds between polyNAGA and water decreased

with increasing temperature. The number of intra-molecular hydrogen bonds of

polyNAGA was also found to be decreasing with increasing temperature. For the

single polyNAGA chain with 30 repeating units, no combinations of the partial

atomic charges, force field and water model yielded results that would suggest the

experimentally observed phase behavior of polyNAGA. However, for the model

containing multiple polyNAGA chains each with 30 repeating units, the use of

OPLS-AA force field along with the Gasteiger charges and SPC/E water model

led to results that suggested the UCST behavior of polyNAGA solution. Our data

showed that the UCST behavior of polyNAGA was attributed to the decrease in

intramolecular hydrogen bonds as temperature increased.
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Chapter 1

Motivation and introduction

Thermo-responsive polymers have been the subject of intensive research in aca-

demic and industry over the past few decades. Water-soluble, thermo-responsive

polymers have drawn significant attention because water is the most common sol-

vent for many inorganic and organic polymers [1]. Among the thermo-responsive

properties of interest, the change in the solubility of the polymers in water due to

the temperature change is the most interesting one. In general, the phase behav-

ior of such polymers is classified into two types – phase separation upon heating

and phase separation upon cooling, respectively. In practice, one of the most fre-

quently used water-soluble, thermo-responsive polymers that exhibits phase sep-

aration upon heating (the so-called lower critical solution temperature (LCST)

behavior) is poly(N-isopropylacrylamide) (PNiPAAm). It should be noted that

polymers that dissolve in organic solvents tend to exhibit the opposite solubil-

ity behavior (i.e., phase separation upon cooling or the so-called upper critical

solution temperature (UCST) behavior).
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The current project has focused on the study of a water-soluble, non-ionic polymer

that exhibits the UCST behavior. The motivation behind the research is to under-

stand the molecular mechanism that is responsible for its solubility behavior. Such

understanding would allow us to design water-soluble, UCST polymers that can

be used in a variety of applications. For example, such polymers have the potential

to be used as flocculants in the oil sands tailing treatment process. It is conceiv-

able that the phase behavior is mainly determined by the electrostatic interactions

and hydrogen bonds. In this work, we used molecular dynamics simulation along

with different partial atomic charge assignment methods, force fields and water

models. The water-soluble, nonionic homopolymer of interest was poly(N-acryloyl

glycinamide) (polyNAGA) that is experimentally observed to exhibit the UCST

behavior in water.

1.1 literature review

As mentioned, water-soluble polymers are rare. Within them, most water-soluble

polymers exhibit LCST behavior while all polymers that dissolve in organic sol-

vents exhibit UCST behavior. There are only a few water-soluble polymers that

show UCST behavior. There are a considerable amount of references on the sol-

ubility behavior of water-soluble polymers exhibiting the LCST behavior [2–5].

Work on water-soluble, UCST polymers is scanty. However, Seuring et al. pub-

lished a review paper on water-soluble polymers that exhibit the upper critical

solution temperatures in aqueous solutions [1].
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Figure 1.1: A schematic phase diagram of a UCST polymer solution

1.1.1 Phase behavior of polymer solution

In general, for a polymer exhibiting either UCST or LCST phase behavior, the

polymer is miscible with the solvent in all proportions above the UCST or below

the LCST, respectively. The phase transition is often shown using an isobaric

phase diagram where the temperature is plotted against the solute concentration as

shown schematically in Figure 1.1. In this particular case, the solute is immiscible

with the solvent in the region enclosed by the phase boundary line called binodal.

In particular, the solute and solvent are miscible at all concentrations above the

UCST.
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To understand phase behavior, one needs to consider the Gibbs free energy of

mixing. The solution needs to exhibit a negative change on the Gibbs free energy

of mixing and a positive second derivative of the Gibbs free energy of mixing with

respect to the concentration. According to the Flory-Huggins solution model, the

Gibbs free energy change of mixing for a binary polymer solution is given by the

following expression [6–8].

ΔGm = RT [n1 lnφ1 + n2 lnφ2 + n1φ2χ12 ] (1.1)

In the above equation, ni is the number of moles of component i and φi is the

volume fraction of component i. The parameter χ12 is used to account for the

energy of mixing two components. R is the gas constant and T is the absolute

temperature. The volume fraction is used to account for the difference in the sizes

of the components.

Another important fact of polymer solutions is that some polymers have high glass

transition temperature that will lead to vitrify in the range of high polymer con-

centration. The intersection of the Tg curve with the binodal is called Berghmans

points [1].

In practice, the cloud point is used to characterize the phase behavior of polymer

solutions. The cloud point of a solution is the temperature at which the solute is

no longer soluble in the solvent, precipitating as a second phase giving the liquid

a cloudy appearance. In practice, the cloud point is determined by characterizing

the turbidity of the solution.
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1.1.2 Characterization of phase transition

Usually, the turbidity meter is used to measure the cloud point of a solution [9].

It is the easiest and most convenient method to determine the phase diagram of a

given polymer solution. The cloud point is different from the concept of the phase

boundary defined by LCST and UCST. The LCST or UCST is the minimum or the

maximum temperature on the binodal curve at a distinct polymer concentration.

But the cloud point is the temperature when the solution at a given concentration

becomes turbid. Usually, the cloud point determined by heating a polymer solution

is different from that by cooling the same polymer solution, referred to as hysteresis

[1]. The hysteresis is caused by the polymer chain mobility in the solution. For

example, the hysteresis of polyNAGA can be as large as 10 K in water.

1.1.3 UCST behavior caused by ionic interactions

Polymers containing ionic groups are among the most important classes of macro-

molecules. Ionic polymers are mainly divided into two groups, polyelectrolytes and

polyzwitterions [10]. Only few of them exhibit the UCST behavior in water. Mary

et al. investigated the water solubility of sufobetaine polyzwitterions [11]. These

polymers have both positive ammonium and negative sulfonate charges on each

monomer. As a result, they exhibit upper critical solution temperature (UCST)

over the temperature range of 0 - 100 ◦C. The ionic polymers are sensitive to

the ionic concentration. Koberle et al. did some work on the interaction of a

zwitterionic polysoap and its cationic analog with inorganic salt [12]. They found

5



that the aqueous solution properties of such polymers are strongly influenced by

added salts. The addition of salt can result in antipolyelectrolyte behavior. It is

well known that different salts and different concentration have different solubility

promotion abilities. McCormick et al. published a paper to discuss the solution

properties and synthesis of zwitterionic polymers [10]. The formation of intra and

inter-chain ionic interaction will lead to ionically cross-link network in the wa-

ter. Therefore, most of previous studies on water soluble, UCST polymers focused

on ionic polymers at low, controlled salt concentration in order to get turbidity

transition phenomenon.

1.1.4 UCST behavior caused by hydrogen bonds

Poly(N-acryloylglycinamide) (PolyNAGA) is the most studied polymer with the

UCST behavior that is attributed to the thermally reversible hydrogen bonds (H-

bonds) [13]. Seuring et al. showed that non-ionic homo and copolymers with

H-donor and H-acceptor units are also able to show the UCST behavior in water

[14]. The polymers were synthesized by free radical copolymerization. Since such

polymers had H-donors and H-acceptors, they could form inter-chain and intra-

chain hydrogen bonds. Although polyNAGA was synthesized a while ago, its

UCST behavior was not found until recent time. Since the polymer synthesized

in early days contained ionic groups and the side chains were hydrolysized, the

polymer did not exhibit the UCST behavior. Liu et al. used a controlled radical

polymerization process to synthesize polyNAGA [9]. In order to get rid of the

ionic pollution, they used nonionic initiator and nonionic chain transfer agent.
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The experiment was conducted without air and water in order to prevent the

production from hydrolysis. In this way, they observed the UCST of polyNAGA

in water based upon cloud point measurements. Later, Seuring et al. regarded the

polyNAGA as a water soluble, UCST polymer that has a high potential to be used

in a variety applications in the future [1]. Tamai et al. compared different influence

of hydrogen bonds to the poly(vinyl alcohol)(PVA), PVME and PNiPAAm [15, 16].

1.1.5 Molecular simulation

The simulation of water soluble, UCST polymers are still in early stage while the

LCST polymers (e.g., PNiPAAm) have been intensively studied both theoretically

and experimentally. Alaghemandi and Spohr used molecular dynamics simulation

to investigate the phase behavior of poly(N-isopropylacrylamide) [17]. Du and

Qian also investigated the hydrophilic to hydrophobic transition of PNiPAM-co-

PEGMA with classical molecular dynamics simulation in relation to its LCST [18].

Only a few studies of water soluble, UCST polymers using molecular simulation

have been reported. Srikant et al. used molecular dynamics simulation to investi-

gate poly (acrylic acid) at infinite dilute condition in water. Molecular dynamics

simulation with explicit solvent molecules was done and the effect of degree of

ionization of poly(acrylic acid), a factor that determines the UCST behavior, was

also investigated [19]. Gangemi et al. performed a 75 ns molecular dynamics simu-

lation of NIPAAm oligomer containing 26 repeating units at two temperatures and

compared the conformation of the polymer chains to that of experiment [20]. Netz

and Dorfmuller investigated the interaction between polycarylamide and SPC/E
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water molecules in the polymer solutions [21]. Simmons and Sanchez developed a

scaled particle theory for the coil to globule transition of the PNIPAAm polymer

chains [22]. Nonetheless, molecular dynamics simulation of water soluble, UCST

polymers is rare. In fact, no one has done molecular dynamics simulation on poly-

NAGA. This is the major thrust of the present work. It is our attempt to identify

the molecular mechanism that is responsible for its UCST behavior. Figure 1.2

C1 C2

H11

H12

*

*

H21

C3 O1

N1 H1

C4H41 H42

C5 O2

N2

H2 H3

Figure 1.2: The repeating unit of polyNAGA

shows the repeating unit of polyNAGA.

1.2 Key objectives

One of the main objectives was to study the molecular mechanism that is respon-

sible for the UCST behavior of polyNAGA. We used single chain and multiple
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chains models over a wide range of temperatures. Compared to the well-studied

example of PNiPAAm, which exhibits a sharp coil to globule transition in water at

LCST, the polyNAGA exhibits an opposite behavior. The present work attempts

to explain why some polymers like PNiPAAm have LCST, but some polymers

like polyNAGA have UCST. Another purpose is to study how the intra-chain and

inter-chain interactions contribute to the phase change of the system. According

to the literature, the cloud point of 1.0 wt% poly(NAGA) in pure water is 22-23

◦C [1].

1.3 Methodology

1.3.1 Single PolyNAGA chain in water

All molecular dynamics simulations were performed using the commericial soft-

ware Materials Studio from Accelrys and an open source molecular dynamics code

GROMACS. The polyNAGA models used contained either 10 or 30 monomer

units. Each model was subjected to the three-dimensional periodic boundary con-

ditions. The initial structures were energy minimized. In the regards, we used

COMPASS force field to describe the polymer [23]. We used Materials Studio to

build the systems and GROMACS to perform the molecular dynamcis simulation.

All simulations were carried out at a constant pressure of 1 atm. Different tem-

peratures were used in an attempt to capture the transition temperatures. Upon

completion of the simulations, radii of gyration, numbers of hydrogen bonds of

individual chains were analyzed to discern the temperature effect [18]. There exist
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different types of hydrogen bonds in the systems of interest including polymer-

polymer, polymer-water, and water-water. Regarding the polymer-polymer hy-

drogen bonds, there are inter and intra-chain types. Obviously, numbers of dif-

ferent types of hydrogen bonds vary with temperature, thereby leading to phase

transition. For UCST polymers, it is expected that changing the temperature will

alter the balance of the number of hydrogen bonds between water and polymer

and those between polymers that lead to the observed phase behavior.

1.3.2 Multiple PolyNAGA chains in water

We also performed simulations using multiple chain (5 chains) models. In these

simulations, each polyNAGA chian contained 30 monomer units. Once again, we

used COMPASS force field for the polyNAGA chains for energy minimization. The

simulations were done at a constant pressure of 1 atm. A data analysis strategy

similar to that used for the single chain model was used.

1.4 Molecular dynamics simulation

Simulation parameters are always the most important part of running a proper

simulation. The correct parameters are the keys to make sure that experiment

observation can be reproduced. This section aims at explaining several simulation

parameters and giving reasons why we choose specific parameters.
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1.4.1 Newton’s second law

MD simulation solves Newton’s equations of motion of the atom (particle) of

interest:

mi
∂2ri
∂t2

= Fi, i = 1...N (1.2)

The forces are the negative derivatives of a potential function P:

Fi = −∂P

∂ri
(1.3)

The leap-frog algorithm was used for integrating Newton’s equations of motion.

GROMACS defaults this algorithm for the integration of the equations of motion.

The leap-frog algorithm uses positions r and velocity v for integrating the equation

of motion.

v(t+
1

2
�t) = v(t− 1

2
�t) +

�t

m
F (t) (1.4)

r(t+�t) = r(t) +�tv(t+
1

2
�t) (1.5)

In such an integrator, the motion of system is recorded. The equations of motion

can be modified by the factor from temperature coupling and pressure coupling.

1.4.2 Force fields

In this research, all-atoms force fields were considered since the hydrogen bond

interaction was the most important part. The main purpose of the research is

to investigate the intermolecular interaction of the polymer-water system. The

11



OPLS-AA force field and AMBER force field were used previously for bio molecules

containing carbon, nitrogen, oxygen and hydrogen. We felt justified to use the force

fields to describe polyNAGA as it also contains similar atoms. Further validation

of the force fields was not needed. The hydrogen bond is the electromagnetic

attractive interaction between polar molecules. So in this case, the hydrogen on

the polymer chains or on the water is very important to reproduce the UCST

phenomenon. The OPLS (Optimized Potential for Liquid Simulations) force field

as an all-atom force field is suitable for our purpose. The force field is previously

designed in the computer simulation of proteins in their native environment. The

nonbonded interactions are represented by the Coulomb and Lennard-Jones terms

below.

Eab =
a∑
i

b∑
j

(
qiqje

2

rij
+

Aij

r12ij
− Cij

r6ij
) (1.6)

Both A and C are the lennard-Jones parameters. Standard combing rules are used

such that Aij = (AiiAjj)
1/2 and Cij = (CiiCjj)

1/2. The energy for bond stretching

and angle bending are:

E =
∑
bonds

Kr(r − r0)
2 (1.7)

E =
∑
angles

Kθ(θ − θ0)
2 (1.8)

The constraints are taken from another force field called AMBER all atom force

field.

E =
∑
i

V1

2
[1+ cos(φ+φ0)] +

V2

2
[1− cos 2(φ−φ0)] +

V3

2
[1+ cos 3(φ−φ0)] (1.9)
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In this formula, V1,V2,V3 are the coefficients in the Fourier series. Finally, the

total energy is

E = Ebonds + Eangles + Edihedrals + Enonbonded (1.10)

Another force field used in this research was AMBER all atom force field. It has

the similar function to calculate the interaction between atoms.

E =
∑
bonds

Kr(r−r0)
2+

∑
angles

Kθ(θ−θ0)
2+

∑
i

Vi
1

2
[1+cos(φi+fii)]+

∑
i<j

[
qiqj

4πε0rij
+
A12

ij

r12ij
−C6

ij

r6ij
]

(1.11)

The fi are the phase angles. The assumption of this force field is that such a simple

representation can reproduce most situation of the unstrained systems. The goal of

this force field is to accurately model conformational energies and intermolecular

interactions involving proteins, nucleic acids, and other molecules with related

functional groups which are of interest in organic and biological chemistry.

1.4.3 Intermolecular interactions

The particle mesh ewald (PME) method was used to evaluate electrostatic interac-

tion as it is a computationally efficient method for handling large periodic systems

[24, 25]. The cut-off range for electrostatic force and Van de Waals force we choose

was 1.20 nm, which is also commonly used for polymer simulations.

13



1.4.4 Partial atomic charges (PACs)

Partial atomic charges (PACs) of a molecule are important since values of the

charges will affect the intra and intermolecular interactions (e.g. hydrogen bonds).

There are different types of charge assignment methods. In this research, we focus

on the four types of charge assignment methods.

1.4.4.1 COMPASS PACs

The first method was from the COMPASS force field. Bond-increments δij were

used, which signify the charge separation between two valence-bonded atoms i

and j [26]. For an atom i, the partial atomic charge is the sum of charge bond

increments δij.

qi =
∑
j

δij (1.12)

1.4.4.2 OPLS PACs

The second method was from the OPLS force field. The charges for the OPLS force

fields are empirical and have been obtained from fitting to reproduce properties

of certain system [27]. Testing properties of system leads to the adjustment of

charge assignment or even the Lennard-Jones parameters.

1.4.4.3 Gasteiger PACs

The third method is the Gasteiger-Marsili empirical partial atomic charges [28].

Atomic charges are obtained by making use of the principle of electronegativity
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equalization. The Gasteiger method is an electrostatic model which leads to only

partial equalization of the orbital electronnegativity. In this way, the charges relate

well with physical and chemical properties. The model uses the Mulliken defination

of electronegativity χ = 0.5(IP +EA). The function joins three electronegativity

values of an atom in its anionic, neutral, and cationic state by a parabola form.

It uses the formation like

χ = aQ2 + bQ+ c (1.13)

By using the proper ionization potential and electron affinities, the constants a, b

and c can be obtained. The final equation for a total charge Qi on the atom i in

the polyatomic molecule is

Qi =
∑
α

{
[
∑
j

1

Dj

(χj − χi) +
∑
k

1

Dk

(χk − χi)]((
1

f
)α−1)

}
(1.14)

Here, j and k represent neighbours of i that are more or less electronegative than

i, Dj and Dk are the electronegativity difference. The electronegativity difference

does not affect the performance of this model seriously. Change in this part will

cause only minor shift in the absolute values of the atom charges. α is the iteration

steps. The iteration succeeds when the shift of value of the charge is less than

0.0002 electrons.

1.4.4.4 QEq PACs

The fourth method is called charge equilibration method (QEq)[29]. The charges of

atoms are equilibrated by the charge dependence on the atomic energy and inter
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atomic energy. The QEq approach uses the experimental ionization potential,

electron affinity and atomic radius. Changes of the environment can be taken

into consideration with this method. This method is suitable for assigning partial

charges to the polymer materials. The QEq method proposes a charge adjustment

due to the geometry and experimental atomic properties, which can be applied to

large molecules. The calculation process is as followed [29, 30]. The QEq method

starts the work by relating the charge with atomic energy. In order to estimate

the equilibrium of charges in a molecule, the energy of isolated atom is a function

of charge.

EA(Q) = EA0 +QA(
∂E

∂Q
)A0 +

1

2
Q2

A(
∂2E

∂Q2
)A0 + ... (1.15)

In a general way, the terms till the second order are remained for further calcula-

tion.

EA(+1) = EA0 + (
∂E

∂Q
)A0 +

1

2
(
∂2E

∂Q2
)A0 (1.16)

EA(−1) = EA0 − (
∂E

∂Q
)A0 +

1

2
(
∂2E

∂Q2
)A0 (1.17)

EA(0) = EA0 (1.18)

(
∂E

∂Q
)A0 =

1

2
(IP + EA) = χ0

A (1.19)

∂2E

∂Q2
= IP − EA = JAA

0 (1.20)

In this two equations, the IP and EA mean the ionization potential and electron

affinity. Then

E(Q) = EA0 + χ0
AQA +

1

2
JAA

0Q2
A (1.21)

16



In order to calculate the charge distribution for a large molecule, the inter atomic

electrostatic energy should be included.

E(Q1...QN) =
∑
A

(EA0 + χ0
AQA +

1

2
JAA

0Q2
A) +

∑
A<B

QAQBJAB (1.22)

Taking the derivative of E will lead to an atomic-scale chemical potential form.

χA(Q1...QN) =
∂E

∂Q
= χ0

A +
∑
B

JABQB (1.23)

For equilibrium, the atomic chemical potentials should be equal.

χ1 = χ2 = ... = χN (1.24)

For the total charge of the system,

Qtotal =
N∑
i=1

Qi (1.25)

We can notice that, in this way, the partial atomic charge for hydrogen is different

from each other. In other method, the partial atomic charge for hydrogen is same

for each other.

1.4.5 Water models

In this work, we used three different water models including SPC/E, TIP3P and

TIP4P. In general, the TIP4P water model works well with the OPLS-AA force
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field. Here, the TIP4P water model is a 4-site model introduced by Bernal-Fowler

model [31]. The TIP4P model was first published in 1983 by Jorgensen [32].

In the model, charges are not only placed on the consitutent atoms of a water

molecule but also on a dummy atom (negatively charged) located underneath the

oxygen along the bisector of the HOH angle. Such a model improves the charge

distribution around the water molecule.

The TIP3P water model is one of the three-site models [32]. It has three interac-

tion sites located at the three atoms of the water molecule. Each atom is assigned

a point charge. The 3-site models are very popular for molecular dynamics simu-

lation because of their simplicity and computational efficiency. Such models use a

rigid geometry matching the known geometry of the water molecule.

The SPC/E is one of the most commonly used 3-site models. It should be pointed

out that the ideal tetrahedral shape angle 109.47◦ of HOH angle is used instead

of 104.5◦, which is observed from experiment.

The comparison of three water models is listed in the Table 1.1.

In the Table 1.1, σ signifies the radius of water molecule. The ε is the energy. The

l1 is the distance of the oxygen to the hydrogen. l2 is the distance of the charge

center of oxygen to the mass center of the oxygen. The q1 is charge of the hydrogen

atom and q2 is the charge of the oxygen atom. The θ◦ is the angle of hydrogen to

oxygen mass center to hydrogen. The ϕ◦ is the angle of hydrogen to oxygen mass

center to oxygen charge center. The physical properties of water calculated using

the three water models are show in Table 1.2 [33–37].
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Table 1.1: TIP4P, TIP3P, SPC/E water models and experimental values

TIP4P TIP3P SPC/E Experimental value

σÅ 3.15365 3.15061 3.166 2.750

ε kjmol−1 0.6480 0.6364 0.650 -

l1Å 0.9572 0.9572 1.0000 0.9572

l2Å 0.15 - - -

q1(e) +0.5200 +0.4170 +0.4238 -

q2(e) -1.0400 -0.8340 -0.8200 -

θ◦ 104.52 104.52 109.47 104.47

ϕ◦ 52.26 - - -

Table 1.2: Physical properties of water caculated using TIP4P, TIP3P and
SPC/E water models along with experimental values

TIP4P TIP3P SPC/E Experimental value

Dipole moment 2.18 2.35 2.35 -

Dielectric constant 53 82 71 80 (20◦C)

self-diffusion,10−5cm2/s 3.29 5.19 2.49 2.299 (25◦C)

Configurational energy, kJ mol−1 -41.8 -41.1 -41.5 -

Density maximum, ◦C -25 -91 -38 4

Expansion coefficient, 10−4 ◦ C−1 4.4 9.2 5.14 9.0 (20◦C)

1.4.6 Thermostat

Thermostats are designed to control the temperature of system at a set value along

with proper fluctuations around it. There are several temperature coupling meth-

ods available in the GROMACS simulation package. The Berendsen temperature

coupling and Nose-Hoover temperature coupling are the two most common meth-

ods [38]. The Berendsen coupling method controls the system temperature with

an external heat bath with a set temperature. The temperature will become sta-

ble and fluctuate in a small range if Berendsen thermostat is chosen with a small
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relaxation time constant. It is an accurate and reliable method to stabilize the

system’s temperature. The Nose-Hoover thermostat method is another important

temperature coupling method. Compared to the Berendsen thermostat, the Nose-

Hoover method is able to obtain proper canonical ensemble fluctuations. On the

other hand, the Berendsen thermostat does not provide a correct kinetic energy

distribution of the system. In this work, we used both thermostats. The research

aims at getting the dynamic properties of the PolyNAGA system. The method

is to use Berendsen thermostat to couple the temperature to the set temperature

quickly and then use Nose-Hoover to run simulation to collect data.

1.4.7 Barostat

In the NPT ensemble, in addition to the temperature, one needs to control the

pressure. In general, the pressure coupling algorithms adjust the size of the simula-

tion unit cell and scale the coordinates of the atoms. Compared to the thermostat,

barostats tend to generate larger fluctuations. The two types of pressure coupling

methods are Berendsen and Parrinello-Rahman. The Berendsen barostat metohd

does not provide the real dynamic ensemble. So in this research, the Parronello-

Rhman barostat was used.
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Chapter 2

Effect of partial atomic charges

on the conformation of a short,

single polyNAGA chain in water

To study the effect of partial atomic charges on the conformation of polyNAGA in

water at different temperatures, we used a single, short (10 monomers) and atactic

polyNAGA chain along with different force fields, methods for the estimation of

partial atomic charges and water models. Initial structures of polyNAGA, which

were subjected to three-dimensional periodic boundary conditions, were built using

commercial software Materials Studio. The initial structures were then exported

to GROMACS for subsequent MD simulations. The simulations were carried out

using the Westgrid computing network.

To equilibrate the sturctures, the isobaric-isothermal (NPT) ensemble was used
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for the simulations. The pressure of periodic unit cell was controlled at 1.0 bar

by the Parrinello-Rahman barostat. The time constant for coupling was 1.0 ps.

The thermostat used for controlling temperature was Nose-Hoover method. Tem-

peratures near the experimentally observed UCST of polyNAGA were used. The

Nose-Hoover thermostat coupling time was 0.2 ps. The coupling time used was

adequate to control the temperature within 3 K of the targeted temperatures.

The Particle Mesh Edwald (PME) method with a cutoff distance of 1.2 nm was

used to handle the long-range electrostatic interactions. The Fourier spacing used

was 0.12. The cutoff distance for the van der Waals interaction was also set to

1.2 nm. The grid neighbor searching method was used to speed up the van der

Waals energy calculation. The leap-forg Verlet method was used to integrate the

equations of motion of all atoms and the time step used was 1 fs.

2.1 Model construction of polyNAGA10

As mentioned, commercial software Materials Studio was used to generate the

initial models. In particular, the Amorphous Cell module was used to build a

single polyNAGA chain in a cubic unit cell subjected to three-dimensional peri-

odic boundary conditions. The resulting unit cell had an edge length of 4 nm.

The density of system is 0.034 g/cm3. It was far lower than the bulk density of

polyNAGA. But cell would be filled with water later. Energy minimization along

with the steep force field was carried out to eliminate the bad contacts between

atoms. After the energy minimization, the structure was then exported in the

protein data bank (pdb) file format (see Appendix A) to GROMACS.
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Figure 2.1: The structure of polyNAGA10

For the 10 repeat units system of polyNAGA (polyNAGA10), the structure was

built with the form of atactic homopolymer. In this way, the side chains of the

polymer were assigned randomly and alternately on the backbone (see figure 2.1).

After the model established on the atomistic document, the position information

was acquired. In the Materials Studio package, the Amorphous Cell package was

used to built the polymer chains in the bulk state. After the energy minimization,

the document was outputted as atomic position file for the GROMACS simulation.

The file format is the Protein Data Bank format (PDB) (See Appendix A).
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The pdb file was latter complied into the topology file which was used for the

subsequent MD simulation (see Appendix B). At this point, water molecules were

added into the cubic unit cell to surround the polyNAGA molecule. The num-

ber of water molecules added was 2,109. This corresponds to a concentration of

polyNAGA in water to about 3.3 wt%. The edge length of the cubic unit cell was

4 nm. For this preliminary study, we used low concentration of polyNAGA. The

entire solution system was energy minimized using the parameter specified in the

Appendix C.

MD simulation was then performed using a mdp file on the resulting system (see

Appendix D). In the ”.mdp” file, the time of simulation, the time step, the temper-

ature value and its control method, and the pressure value and its control method

are specified.

In order to measure the conformation of polyNAGA, the radius of gyration was

calculated. The radius of gyration at a given time is defined as:

Rg = (
Σi||ri||mi

Σimi

)
1
2 (2.1)

ri is the norm of vector from site i to the gravity center of the polymer chain.

And mi is the mass the site i. Therefore, one can use the Rg of a polymer in the

solution to infer its solubility qualitatively.

The number of hydrogen bonds is another measured quantity. Hydrogen bond is

defined geometrically :(1) the cutoff radius between acceptor and donor is 0.35

nm. (2) the cut off angle of hygrogen - donor - acceptor is less than 30 degree.
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2.2 PolyNAGA10 with COMPASS charges

The partial atomic charges of a polymer are important as they influence the non-

bonded interaction. There are many types of partial atomic charge assignment

methods. As mentioned, we used four different types of charge assignment meth-

ods, COMPASS, OPLS-AA, Gasteiger and QEq.

Table 2.1: Partial atomic charges of a polyNAGA monomer assigned by vari-
ous methods

Atom COMPASS OPLS-AA Gasteiger QEq

C1 -0.106 -0.120 -0.031 -0.268

H11 0.053 0.060 0.028 0.197

H12 0.053 0.060 0.028 0.173

C2 -0.053 -0.060 0.031 -0.102

H21 0.053 0.060 0.039 0.190

C3 0.450 0.500 0.203 0.444

O1 -0.450 -0.500 -0.277 -0.531

N1 -0.574 -0.500 -0.249 -0.514

H1 0.351 0.300 0.132 0.316

C4 0.117 0.080 0.082 -0.085

H41 0.053 0.060 0.054 0.138

H42 0.053 0.060 0.054 0.195

C5 0.450 0.500 0.231 0.440

O2 -0.450 -0.500 -0.274 -0.574

N2 -0.702 -0.760 -0.369 -0.567

H2 0.351 0.380 0.159 0.289

H3 0.351 0.380 0.159 0.259

Table 2.1 shows the four types of partial atomic charges of the monomer unit using

COMPASS, OPLS-AA, Gasteiger and QEq method. From Table 2.1, compared
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to other methods, the Gasteiger method assigned lower absolute value charges to

the H-acceptor O and H-donor N. COMPASS charges and OPLS-AA charges are

similar since both of them are assigned based on the bond increments theory. QEq

charges have the largest absolute values than any other types of charges.

Figure 2.2: Radii of gyration of polyNAGA10 with COMPASS charges as a
function of time at 290 K and 320 K

Figure 2.2 shows radii of gyration of polyNAGA10 with COMPASS charges. The

comparison is done between two different temperatures, 290 K and 320 K. we

performed 10 ns simulation for this system because the polymer chain was short.

The radius of gyration fluctuated around 0.62 nm and did not very much. From

Figure 2.2, the radius of gyration at 290 K is almost the same as that at 320
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K. In other words, the COMPASS charges were not able to capture the expected

temperature dependence of the radius of gyration of polyNAGA.

Figure 2.3: Numbers of polyNAGA10-water H-bonds at 290 K and 320 K

Numbers of two types of hydrogen bonds were investigated. Figure 2.3 shows

numbers of polymer with water hydrogen bonds by using the last 3 ns of simulation.

Numbers of hydrogen bonds at 290 K and 320 K did not differ significantly. When

the average numbers were calculated, numbers of hydrogen bonds of polymer with

water at 290 K were 40 ± 7 and at 320 K were 36 ± 6. This suggested that

polyNAGA formed more hydrogen bonds at a lower temperature. Numbers of

hydrogen bonds within polyNAGA at 290 K and 320 K are shown in the Figure

2.4. From the figure, numbers of hydrogen bonds within side chains at 290 K and

that at 320 K were more or less the same.
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Figure 2.4: Numbers of intramolecular polyNAGA10 H-bonds at 290 K and
320 K
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2.3 PolyNAGA10 with OPLS-AA charges

In this section, we reported the results of polyNAGA10 with OPLS-AA charges.

The computed radii of gyration at 290 K and 320 K were comparable. In order to

get a more obvious result, the comparison of temperatures was set to 280 K and

360 K. Figure 2.5 shows radii of gyration of polyNAGA10 with OPLS charges at

280 K and 360 K. From this figure, we could see, for this type of charge assignment

method, the radius of gyration at 280 K and 360 K did not have a big difference.

For the 360 K, the fluctuation was bigger than at 280 K. But the average level of

gyration radius over time bore no difference. For this case, the data selection was

from 7000 ps (7 ns) since the system was stable after 7 ns.

Figure 2.5: Radii of gyration of polyNAGA10 with OPLS charges at 280 K
and 360 K
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Figure 2.6 shows H-bonds of polyNAGA-water. When the average number was

calculated, numbers of hydrogen bonds of polymer with water at 280 K were 50

± 7 and at 360 K were 40 ± 8. This suggested that, same with COMPASS

charges, polyNAGA built with OPLS charges formed more hydrogen bonds at a

lower temperature.

Figure 2.6: Numbers of H-bonds of polyNAGA10 with water with OPLS
charges at 280 K and 360 K

Figure 2.7 shows the H-bonds within polyNAGA chain. Numbers of intra H- bonds

of polyNAGA at 280 K were 3 ± 1 and at 360 K were 4 ± 1. At 360 K, numbers

of intra H-bonds was slightly larger than that at 280 K.
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Figure 2.7: Numbers of H-bonds of polyNAGA10 within chain with OPLS
charges at 280 K and 360 K
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2.4 PolyNAGA10 with QEq charges

In this section, the QEq method was used to assign partial atomic charges to

polyNAGA.

Figure 2.8: Radii of gyration of polyNAGA10 with QEq charges at 280 K and
360 K

After the partial atomic charges assignment, MD simulations were carried out for

30 ns at different temperatures. The radii of gyration at 280 K and 360 K were

recorded and compared. Figure 2.8 shows radii of gyration of polyNAGA10 with

QEq charges at 280 K and 360 K. From the figure, we could see for this type

of charge assignment method, the radius of gyration at 360 K was slightly larger

than that at 280 K. The average radius of gyration at 280 K was 0.66 ± 0.04 nm

and at 360 K was 0.71 ± 0.06 nm. In this result, it seemed that the QEq charge
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assignment method was able to capture the temperature dependence of radius of

gyration.

Figure 2.9: Numbers of polyNAGA10-water H-bonds at 280 K and 360 K

Figure 2.9 shows numbers of polyNAGA-water H-bonds. Numbers of hydrogen

bonds of polymer with water at 280 K were 50 ± 4 and at 360 K were 46 ± 5.

Numbers of H-bonds of polymer with water at 360 K was slightly smaller than

that at 280 K.

Figure 2.10 calculated numbers of intramolecular H-bonds of polyNAGA10. Num-

bers of H-bonds of polymer within chain at 280 K were 3 ± 1 and at 360 K were

3 ± 2. Numbers of H-bonds within polyNAGA chain were more or less the same

at 360 K and 280 K.
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Figure 2.10: Numbers of intramolecular H-bonds of polyNAGA10 at 280 K
and 360 K
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2.5 PolyNAGA10 with Gasteiger charges

In this section, the Gasteiger method was used to assign partial atomic charges to

polyNAGAq10 [28].

After the charge assignment, NPT MD simulations were carried out 30 ns at

different temperatures. Radii of gyration of polyNAGA at 280 K and 360 K were

calculated. Figure 2.11, the average number of radius of gyration for 280K was

0.56 ± 0.01 nm and for 360K was 0.65 ± 0.04 nm.

Figure 2.11: Radii of gyration of polyNAGA10 with Gasteiger charges at 280
K and 360 K

The Gasteiger assignment method yielded a clear UCST trend. After that, four

different temperatures, 280 K, 300 K, 320 K and 360 K were used for further MD
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simulation. Figure 2.12, radii of gyration at four temperatures were listed. The

radius of gyration increased from 0.56 nm ± 0.01 at 280 K to 0.65 nm ± 0.04

gradually. Experimentally, The cloud point temperature of 1.0 wt% poly(NAGA)

in pure water is 22-23 ◦C [1]. In this case, the cloud point of 3.3 wt% polyNAGA

solution is near 23 ◦C. It was found that numbers of the poly(NAGA)-water hy-

drogen bonds were insensitive to temperature (see Figure 2.14). However, the

intra-molecular hydrogen bonds of poly(NAGA) decreased slightly with increas-

ing temperature (see Figure 2.13). The decreasing trend may explain why did

Figure 2.12: Radii of gyration of polyNAGA10 with Gasteiger charges at 280
K, 300 K, 320 K and 360 K

polyNAGA10 adopt a more expanded conformation at high temperatures. This is

related to the lower absolute value of the charges of the hydrogen bonds moieties

compared to other charge assignment methods.
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Figure 2.13: Numbers of intramolecular polyNAGA10 H-bonds over temper-
ature range of 280 - 360 K
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Figure 2.14: Numbers of polyNAGA10-water H-bonds over temperature range
of 280 - 360 K
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2.6 Conclusion

Considering the computational cost, we first used a polyNAGA model with only

10 repeating units. It is worth pointing out that the longer the chain one uses,

the more water molecules are needed to achieve the required concentrations. In

this chapter, different types of charge assignment methods were used to test which

would reproduce the upper critical solution temperature behaviour of polyNAGA.

The force field and the water model used in this chapter were OPLS-AA force field

and TIP4P.

Four types of charge assignment methods were used including the COMPASS

charges, the OPLS-AA charges, the QEq charges and the Gasteiger charges. The

comparison of different charge assignments was discussed. The suitable charge

assignment method would not lead to the collapse of polymer chain upon heating.

It was found that the COMPASS and OPLS-AA charges were not able to reproduce

the UCST phenomenon. The QEq method was able to show the trend but it is not

obvious. The Gasteiger charges can be used to reproduce the UCST behavior of

polyNAGA. The UCST behavior was attributed to the decrease in intra-molecular

hydrogen bonds upon increasing temperature.
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Chapter 3

Conformation of a single

polyNAGA30 chain in water

In this Chapter, we reported the results on the conformation of a single, atactic

polyNAGA chain with 30 repeating units in water. The molecular weight of the

polyNAGA chain with 30 repeating units was 3,856 g/mol which is comparable to

that of polyNAGA synthesized experimentally. The purpose of this work was to

check if a polyNAGA chain with molecular weight comparable to that of the exper-

imental material would exhibit similar phase behavior of polyNAGA reported in

the last chapter. We used GROMACS version 4.6.2 to do the isobaric-isothermal

molecular dynamics simulations. Similar to what we did in the last chapter, we

used different force fields, charge assignments method and different water mod-

els to study their effect on the conformation. We did not present the hydrogen

bonds data in this chapter since the radius of gyration results suggested that no
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combination of partial atomic charges, force fields and water models were able to

reproduce the UCST trend.

3.1 Model construction of polyNAGA30

We basically followed the approach that we used to construct the polyNAGA

solution in the last chapter. An initial cubic unit cell was constructed based upon

the molecular weight of polyNAGA with 30 repeating units and its density. Energy

minimization was performed. Water molecules were then added to the cubic unit

cell to create the polyNAGA solution. The final dimensions of the unit cell was 6

nm, 6 nm and 6 nm and it contained 6,982. The corresponding concentration of

polyNAGA in water was about 2.90 wt%. We used a simulation time of 50 ns for

all MD simulations. The following sections summarized the corresponding results.

However, it should be pointed out that the results of the long polyNAGA chain

were different from those of the short chain. In this chapter, the OPLS-AA charges

were not used since we found OPLS-AA charges are quite similar to COMPASS

charges.

3.2 PolyNAGA30 with COMPASS charges

In this section, the COMPASS charges were assigned to polyNAGA. Meanwhile,

two different types of force fields and three water models were used. Different
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combinations of the force fields and water models were used to check which one(s)

would yield the UCST behavior.

3.2.1 OPLS-AA force field and TIP4P water model

The OPLS-AA force field was used along with the COMPASS charges. The TIP4P

water model was used. Figure 3.1 shows radii of gyration at 280 K and 320 K.

Figure 3.1: Radii of gyration at 280 K and 320 K, polyNAGA30 with COM-
PASS charges along with OPLS-AA force field and TIP4P water model

The data of radius of gyration was collected from 30 ns to 50 ns. From 30 ns, the

system was stable enough. At 280 K, the radius of gyration was 0.96 ± 0.05 nm.

At 360K, the radius of gyration was 0.93 ± 0.02 nm.
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3.2.2 OPLS-AA force field and SPC/E water model

In this section, another water model SPC/E was used. The comparison of the

TIP4P and SPC/E water model were listed in the chapter 1 [39].

Figure 3.2: Radii of gyration at 280 K and 320 K, polyNAGA30 with COM-
PASS charges along with OPLS-AA force field and SPC/E water model

Figure 3.2 shows radii of gyration at 280 K and 320 K. The radius of gyration

at 280 K was 0.99 ± 0.02 nm but at 320 K was about 0.92 ± 0.03 nm. The

data from 30 ns to 50 ns was collected and calculated. It indicated an opposite

behavior of UCST. When at low temperature, the polymer structure was more

stretched. So in this way, the COMPASS charge assignment combing with SPC/E

and OPLS-AA force field did not reproduce the UCST. When results of Figure 3.1

and Figure 3.2 were compared, it showed that the water model plays important
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role in the formation of polymer chain conformation. Different water models have

different possibilities to form hydrogen bonds which will influence the conformation

of polymer.

The reason to choose TIP4P and SPC/E was based on the LCST research [40].

The TIP4P is a mature model for OPLS-AA force field. In general, simple models

can be used in large systems and long simulations. And complex models and more

accurate models can be used for small systems and short simulation times. For the

TIP4P model, its well performance in reproducing the physical properties gives

us good reason to use. The combination of TIP4P and OPLS-AA force field is

the recommendation. For the water phase diagram reproducing, the TIP4P has

the best performance. The SPC/E water model is more theoretic than TIP4P

model. It uses angel of 109.47◦, while TIP4P uses 104.52◦. The 109.47◦ is the

ideal tetrahedral shape (HOH angle of 109.47◦). But for most of water models like

TIP4P, the angle matches the real geometry of the water molecule.

3.2.3 AMBER force field and TIP3P water model

In this section, the AMBER force field was used. In the literature, the TIP3P

water model is recommended for the AMBER force field. Compared with OPLS-

AA force field, the AMBER parameter is more easier for representing the atom

in the polymer chains. For the carbon atom, the general definition is CT. For

the hydrogen, HC is usually used. But when the peptide bond needs to be built,

hydrogen at the carbon which is the nearest to the nitrogen is usually named
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H1. Though it has slightly difference with HC, the parameters of Lennard-Jonnes

function are almost the same.

As noticed, parameters for the AMBER force field for different types of carbon and

hydrogen are the same. In the Figure 3.3, the radius of gyration of polyNAGA30

with COMPASS charges along with AMBER force field and TIP3P water model

was recorded at 280 K and 360 K. At 320 K, the radius of gyration was 1.03 ±

0.1 nm. At 280 K, the radius of gyration was 1.09 ± 0.02 nm.

Figure 3.3: Radii of gyration at 280 K and 360 K, polyNAGA30 with COM-
PASS charges along with AMBER force field and TIP3P water model
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3.3 PolyNAGA30 with QEq charges along with

OPLS-AA force field and TIP4P water model

In this section, the QEq charges were used. Different from other sections, only

combination of OPLS-AA force field and TIP4P water model was investigated.

Radii of gyration at 280 K and 360 K were recorded. Figure 3.4, the radius of

gyration of 360 K was fluctuating up to 1.70 nm. But at the final stage, it was

stable around 1.0 nm. For the 280 K, the average level of radius of gyration

was about 1.0 nm. For this type of charge assignment, the radius of gyration was

increasing to 1.70 nm. That was a good sign for breaking the coiled up structure of

polyNAGA in the previous. But in general, the average level of radius of gyration

at 280 K and 360 K were the same. The data from 30 ns to 50 ns was used

to calculate the average number of radius of gyration. At 280 K, the radius of

gyration was 1.04 ± 0.05 nm. At 360 K, the radius of gyration was 1.04 ± 0.10

nm.

3.4 PolyNAGA30 with Gasteiger charges

From chapter 2, the Gasteiger charge was the most possible charge equilibrium

method to get the UCST behavior since it was successful in the 10 repeat units

system. So, different water models and force field parameters were combined to

try to get a positive result of UCST phenomena.
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Figure 3.4: Radii of gyration at 280 K and 360 K, polyNAGA30 with QEq
charges along with OPLS-AA force field and TIP4P

3.4.1 OPLS-AA force field and TIP4P water model

The Gasteiger charges assignment were used along with the OPLS-AA force field

and TIP4P water model. Figure 3.5 shows the results on the computed radii of

gyration at 280 K and 360 K.

In order to track the change of radius of gyration at different temperatures, more

temperature points were selected. In Figure 3.6, computed radii of gyration at

nine temperatures were shown. The results suggested that the radius of gyration

of polyNAGA30 was insensitive to temperature.
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Figure 3.5: Radii of gyration at 280 K and 370 K, polyNAGA30 with Gasteiger
charges along with OPLS-AA force field and TIP4P water model

Compared to the results of polyNAGA10, the Gasteiger charges seemed not to

reproduce the UCST trend. The reason is unclear.

3.4.2 OPLS-AA force field and SPC/E water model

In this section, polyNAGA30 with Gasteiger charges along with OPLS-AA force

field and SPC/E water model were used.

With the SPC/E water model, radii of gyration at 280 K and 360 K were not

much different (see Figure 3.7). At 280 K, the radius of gyration was 0.87 ± 0.02

nm. At 360 K, the radius of gyration was 0.88 ± 0.02 nm.
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Figure 3.6: Radii of gyration at 280 K, 290 K, 295 K, 305 K, 310 K, 320 K, 350
K and 370 K, polyNAGA30 with Gasteiger charges along with and OPLS-AA

force field and TIP4P water model
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Figure 3.7: Radii of gyration at 280 K and 360 K, polyNAGA30 with Gasteiger
charges along with OPLS-AA force field and SPC/E water model
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3.4.3 AMBER force field and TIP3P water model

In this section, polyNAGA30 with Gasteiger charges along with AMBER force

field and TIP3P were used for the MD simulation. Figure 3.8 shows radii of

gyration at 280 K and 360 K. The radius of gyration decreased with increasing

Figure 3.8: Radii of gyration at 280 K and 360 K, polyNAGA30 with Gasteiger
charges along with AMBER force field and TIP3P water model

temperature which was opposite to the expected temperature dependence. At 280

K, the radius of gyration was 0.94 ± 0.01 nm. At 360 K, the radius of gyration

was 0.85 ± 0.01 nm.
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3.5 Conclusion

Compared to polyNAGA10 case, more variables were introduced into the simu-

lation. Apart from the different charge assignments, the force field parameters

and the water models were varied in an attempt to reproduce the upper critical

solution temperature behavior of polyNAGA. Similar to polyNAGA10 system, the

COMPASS charges, the OPLS-AA charges, the QEq charges and the Gasteiger

charges were investigated. For the force field parameters, two different force fields

were used, the OPLS-AA force field and the AMBER force field. The water models

used were TIP4P, SPC/E and TIP3P. There was no significant difference between

the radius of gyration value at 280 K and 360 K. With the attempt of trying dif-

ferent water models and charge assignment methods, the polyNAGA chain with

30 repeating units tended to adopt a collapse conformation. Using the AMBER

force field along with the TIP3P water model generated the behavior which was

not consistent with experiment.
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Chapter 4

Multiple polyNAGA30 chains in

water

In this Chapter, we reported the conformation of multiple polyNAGA chains each

with 30 repeating units in water. Using multiple chains would allow us to study

chain-chain interactions explicitly. An approach similar to that was used in the

last two chapters was used except that the simulation unit cell was larger and

more water molecules were needed to achieve a low concentration of polyNAGA.

4.1 Model construction of multiple polyNAGA30

chains

The cubic unit cell was constructed using the procedure described in Chapter 2.

The polymer was built in a bulk density. The box was then expanded to large
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Figure 4.1: The structure of 5 polyNAGA30 chains in water, water molecules
are not shown for clarity

enough for water. The resulting cubic cell had an edge length of 8 nm. In this

case, the model could mimic the experiment situation that polyNAGA will form

small aggregate even at very low concentration. However, 5 chains each with 30

repeating units were placed in the cubic unit cell. The five polyNAGA chains

were placed in the cubic unit cell one by one in random locations in the simulation

cell. The chains were placed in the simulation cell in such a manner that hard

overlap of atoms from different chains was avoided. After that, water molecules

were added and there were a total of 16,273 water molecules. The concentration

of polyNAGA in this case was about about 6.18 wt%. Energy minimization was

performed on the entire system before subsequent MD simulations were carried

out on the system.

The number of hydrogen bonds is another measured quantity. Hydrogen bond is

defined geometrically :(1) the cutoff radius between acceptor and donor is 0.35

nm. (2) the cut off angle of hygrogen - donor - acceptor is less than 30 degree.
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For clarity, water molecules are not shown in the figure. The simulation time used

was 100 ns simulation. Compared to the single chain system, this system required

longer equilibration time.

4.2 Multiple polyNAGA30 chains with COM-

PASS charges

4.2.1 OPLS-AA force field and TIP4P water model

In this section, the COMPASS charges, OPLS-AA force field and TIP4P water

model were used to describe the inter-molecular and intra-molecular interactions

of the multiple-chain, polyNAGA solution model. The COMPASS charges were

assigned to each atom when the model was built in the Materials Studio as the

COMPASS force field is the default force field. And such charges were used in

subsequent MD simulation even though the OPLS-AA force field was used. We

used the TIP4P water model. To save computation time, only two temperatures

(280 K and 360 K) were used. The pressure was set at 1 bar. The simulation time

used was 100 ns simulation. Compared to the single chain system, this system

required longer equilibration time.

Figure 4.2 shows radii of gyration of all five chains as a function of time calculated

for each polymer chain. Generally, radii of gyration of the chains seemed to be

insensitive to temperature. In other words, the use of COMPASS charges, OPLS-

AA force field and TIP4P water model was not able to the experimentally observed
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Figure 4.2: Five polyNAGA30 chains with COMPASS charges along with
OPLS-AA force filed and the TIP4P water model
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UCST behavior of the polyNAGA solution. At 360 K, the average radius of

gyration of 5 chains was 0.97 ± 0.10 nm. At 280 K, the average radius of gyration

of 5 chains was 0.96 ± 0.04 nm.
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4.2.2 OPLS-AA force field and SPC/E water model

In this section, similar to what we did before, we used COMPASS charges and

the OPLS-AA force field. However, the SPC/E water model was used in an

attempt to determine the effect of water model on the calculated radii of gyration

of polyNAGA.

Figure 4.3: Five polyNAGA30 chains with COMPASS charges along with the
OPLS-AA force filed and SPC/E water model
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Figure 4.3, radii of gyration of 5 polymer chains at 280 K and 360 K are shown. At

280 K, the average radius of gyration of 5 chains was 0.96 ± 0.04 nm. In this case,

4 out of 5 chains exhibited much higher radius of gyration at 360 K. At 360 K, the

average radius of gyration of 5 chains was 1.01 ± 0.03 nm. This suggested that the

SPC/E water model was more suitable to describe the polyNAGA solution. In this

case, we calculated numbers of different types of hydrogen bonds to investigate

the mechanism. The SPC/E water model uses the theoretical hydrogen-oxygen-

hydrogen bond angle 109.47 ◦ that is rare in the water model. For example, both

TIP4P and TIP3P water models use a hydrogen-oxygen-hydrogen bond angle of

104.52◦ (experiment).

Table 4.1: Average number of polyNAGA30-water H-bonds

Chain 280 K 360 K

Chain 1 97±5 82±6

Chain 2 101±6 79±7

Chain 3 77±6 57±6

Chain 4 108±6 77±6

Chain 5 98±5 77±8

In Table 4.1, average numbers of hydrogen bonds formed between polyNAGA30

and water were shown. In this table, numbers of hydrogen bonds at 360K was

generally lower than those at 280 K. It makes sense as the hydrogen bonds are

easily broken due to the high thermal motion. In this way, the outer interaction

of polymer with water becomes weak at high temperature.

In Table(4.2), average numbers of intermolecular hydrogen bonds of polyNAGA30

were depicted.
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Table 4.2: Average numbers of intermolecular H-bonds of polyNAGA30

Chain 280 K 360 K

Chain 1 46±5 46±6

Chain 2 37±5 51±7

Chain 3 51±7 55±5

Chain 4 34±5 48±6

Chain 5 41±5 40±6

Table 4.3: Average number of intramolecular H-bonds of polyNAGA30

Chain 280 K 360 K

Chain 1 20±2 18±3

Chain 2 15±2 23±3

Chain 3 19±3 19±2

Chain 4 15±2 20±3

Chain 5 17±2 14±3

In Table 4.3, the average number of hydrogen bonds inside one polymer was calcu-

lated. So it seemed that, even though the OPLS-AA force field and SPC/E water

model with COMPASS charges showed the UCST behavior. The data shown in

Table 4.1,4.2,4.3 suggested that hydrogen bonds may not be the cause for the

observation.
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4.2.3 AMBER force field and TIP3P water model

In this section, the COMPASS charges, AMBER force field and TIP3P water

model were used for the MD simulation at 280 K and 360 K. TIP3P was used

as this is normally the water model suggested to use along with the AMBER

force field. Comparing the AMBER to the OPLS-AA force field, they both use

similar functions and parameters for calculating the bonded force and non-bonded

interactions. For example, The Lennard-Jonnes parameters used in the two force

fields describing the van der Waals interaction of the same type of atom are slightly

different. The AMBER force field is specially designed for biomacromolecules.

Since polyNAGA contains chemical moieties similar to amino acids, use of the

AMBER force field should be justified.

Figure 4.4, radii of gyration of 5 polymer chains was calculated. At 280 K, the

average radius of gyraiton of 5 chains was 0.97 ± 0.02 nm. At 360 K, the average

radius of gyration of 5 chains was 0.98± 0.06 nm. Once again, similar to the results

reported in the last section, the present results did not show that polyNAGA is a

UCST polymer.

61



Figure 4.4: Five polyNAGA30 chains with COMPASS charges along with the
AMBER force field and TIP3P water model
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4.3 Mutilple polyNAGA30 chains with Gasterger

charges

In this section, the Gasteiger charge method was used to assign partial atomic

charges on polyNAGA. The OPLS-AA force field and SPC/E water model were

used.

Figure 4.5 depicts the time dependence of the radius of gyration of all five poly-

NAGA chains at 280 K and 360 K. All five chains have the same trend that the

radius of gyration at 360 K was larger than 280 K. It seemed that Gasteiger

charges, OPLS-AA force field and SPC/E water model together yielded the ex-

pected results. At 280 K, the average radius of gyration of 5 chains was 0.89 ±

0.03 nm. At 360 K, the average radius of gyration of 5 chains was 1.01 ± 0.12 nm.

Table 4.4: Average number of polyNAGA30-water H-bond

Chain 280 K 360 K

Chain 1 32±4 27±4

Chain 2 40±4 32±5

Chain 3 24±3 18±4

Chain 4 30±4 22±4

Chain 5 37±5 27±4

Table 4.4 shows the average number of hydrogen bonds formed between poly-

NAGA30 and water. In this table, numbers of hydrogen bonds at 360 K was

generally lower than those at 280 K. At 360 K, hydrogen bond was easily broken
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Figure 4.5: Five polyNAGA30 chains with Gasteiger charges along with the
OPLS-AA force filed and SPC/E water model
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due to the high thermal motion. In this way, the outer interaction of polymer with

water became weak at high temperatures.

Table 4.5: Average number of intermolecular H-bonds of polyNAGA30

Chain 280 K 360 K

Chain 1 30±6 30±7

Chain 2 30±7 26±6

Chain 3 33±7 35±8

Chain 4 37±7 31±7

Chain 5 34±7 30±6

In Table(4.5) showed the average number of intermolecular hydrogen bonds of

polyNAGA30. In this table, the number of hydrogen bonds at 280 K was larger

than 360 K, which means the hydrogen bond interaction of polymer to polymer

decreased. The average number of intermolecular H-bonds of total five chains at

280 K was 32.8 ± 2.9 and at 360 K was 30.4 ± 3.2. In this way, the decreasing of

hydrogen bonds number would benefit the expansion of polymer chains.

Table 4.6: Average number of intramolecular H-bonds of polyNAGA30

Chain 280 K 360 K

Chain 1 11±2 11±3

Chain 2 13±3 9±2

Chain 3 12±3 13±3

Chain 4 14±3 11±3

Chain 5 13±3 10±3

In Table 4.6 showed the average number of intramolecular hydrogen bonds of

polyNAGA30. That means the hydrogen bonds interaction between the side chains
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on one polymer chain. The average number of intramolecular H-bonds of total five

chains at 280 K was 12.6 ± 1.1 and at 360 K was 10.8 ± 1.4.
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4.4 Conclusion

The computational cost for the simulation described in this Chapter was high.

Three water models were used, including the TIP4P, TIP3P and SPC/E. The

OPLS-AA and AMBER force fields were used.

When the Gasteiger charges along with the OPLS-AA force field and SPC/E water

model were used, all five chains exhibited UCST trends as supported by the radius

of gyration at two different temperatures 280 K and 360 K. Then we calculated

the three different types of hydrogen bonds. They were hydrogen bonds within

one polymer chain, hydrogen bonds between polymer chains and hydrogen bonds

between water and polymers.

The multiple chains system introduces the chain to chain interaction more explic-

itly. In this case, comparing with the single chain longer polyNAGA chain, the

mutltiple chains are more realistic.

From what we observed, the Gasteiger charges were successful in reproducing the

UCST behavior of polyNAGA in the multiple chain system. Combining with the

result of short and single chain polyNAGA, in general, the Gasteiger charge assign-

ment method is the most successful method to reproduce the UCST phenomenon.

And, the UCST behavior is likely attributed to the decrease in the intramolecular

hydrogen bonds upon heating.
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Chapter 5

Conclusion

In this work, a water-soluble polymer poly(N-acryloyl glycinamide) (polyNAGA)

that exhibits upper critical solution temperature (UCST) behavior was studied

by molecular dynamics simulation. Most of polymers are not water-soluble poly-

mers. Furthermore, it should be noted that majority of water-soluble polymers

exhibit the so-called lower critical solution temeprature (LCST) behavior. In fact,

it is unusual for polyNAGA, a non-ionic polymer, to exhibit the UCST behavior.

Therefore, it is interesting to study the molecular mechanism that is responsible for

such behavior. To determine the phase behavior of polyNAGA solution, we exam-

ined the conformation of polyNAGA in water over the temeprature range of 280 to

360 K using molecular dynamics simulation. Conformation of polyNAGA is quan-

tified by calculating its radius of gyration in water at different temperatures over

the aforementioned temperature range. Here, an expanded conformation (larger

radius of gyration) signifies solubility while a contracted conformation (smaller

radius of gyration) indicates possibility of precipitation.
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To simulate the polyNAGA solutions, we used single and multiple chain models

along with different force fields, partial atomic charge assignment methods and

water models. The simulation results showed that the Gasteiger method is more

suitable to be used than other methods such as charge equilibration method or

OPLS charges as the Gasteiger method reproduced the UCST behavior of poly-

NAGA. In addition, the multiple chain model is better than the single chain model

as the latter does not capture the intermolecular interactions between polyNAGA

molecules effectively. In fact, it is experimentally observed that polyNAGA chains

interact with each other even under extremely dilution situation.

5.1 Effect of partial atomic charges on the con-

formation of a single polyNAGA10 chain in

water

We used a model containing a single polyNAGA chain with 10 repeating units sur-

rounded by 2,109 water molecules. The OPLS-AA and AMBER force fields were

used. However, we used four different methods including the charge equilibration,

COMPASS, Gastiger and OPLS to assign partial atomic charges to polyNAGA

molecule. The water model used was TIP4P. It was found that the Gasteiger

method reproduced the UCST behavior while the other methods did not. In par-

ticular, the radius of gyration of polyNAGA increases from 0.56 nm ± 0.01 at

280 K to 0.65 nm ± 0.04 at 360 K gradually. Furthermore, the data do not show

an abrupt change over the temeperatue range used for the simulations, making
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identifying a unique UCST difficult. Also, it was found that the number of hy-

drogen bonds fromed between poly(NAGA) and water molecuels increased with

increasing temperature while the intra-molecular hydrogen bonds of poly(NAGA)

decreased with increasing temperature. The hydrogen bond data are consistent

with the radius of gyration observation.

5.2 Conformation of a single polyNAGA30 chain

in water

In this work, a longer polyNAGA chain with 30 repeating units was used in the

molecular dynamics simulations. Similar to the work mentioned in the previous

section, we also used different force fields, partial charge assignments methods,

and water models to model the system. Radii of gyration of the system at dif-

ferent temperatures were calculated. We used the OPLS-AA and AMBER force

fields. Different water models combined with different force fields and different

partial charge assignment are attempted to reproduce the UCST behavior. For

the polyNAGA with 30 repeating units, we were not able to identify a combination

of force field, partial atomic charge assignment method and water model to repro-

duce the UCST behavior of polyNAGA solution. In most cases, the polyNAGA

chain adopted a fairly compact conformation at different tempratures. The reason

for the long, single polyNAGA chain not exhibiting the UCST behavior is unclear.
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5.3 Multiple polyNAGA30 chains in water

The multiple polyNAGA chain model with 30 repeat units system was used to

continue the analysis. In this section, the intermolecular interaction between poly-

NAGA chains was explicitly introduced. Similar to the single chain model, dif-

ferent partial atomic charge assignments, different force fields and different water

models are used. It seems that Gasteiger charges along with OPLS-AA force field

and SPCE water model was able to reproduce the UCST. Then we calculate the

three different types of hydrogen bonds. They are hydrogen bonds within one

polymer chain, hydrogen bonds between polymer chains and hydrogen bonds be-

tween water and polymers. The hydrogen bonds between polymers decreased with

increasing temperature. That means, with increasing temperature, the polymer

expands. The hydrogen bonds between polymer and water decreased with increas-

ing temperature because the high thermal motion will break the hydrogen bonds.

So in general, the Gasteiger charges assignment are also successful in reproducing

the USCT phenomena on the multiple chain model.

5.4 Further work

The work reported in this thesis signifies the first attempt to study the molecular

mechanism that is responsible for the experimentally observed UCST behavior of

polyNAGA in water. The partial atomic charges and water model play impor-

tant roles in determining the phase behavior of polyNAGA solution as the elec-

trostactic interactions determine the number of intra-molecular hydrogen bonds
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of polyNAGA and intermolecular hydrogen bonds between polyNAGA and water

at different temperatures. The further work can go into three directions. The

first direction is to determine partial atomic charges using first principle quantum

mechanical calcualtions along with different population analysis methods. This

may allow us to identify a sharper UCST for polyNAGA. We also want to do

the torsion angle analysis. We will examine the influence of the partial atomic

charges on the torsion potentials of the skeletal bonds in polyNAGA once we have

determined a more accurate way of assigning charges. Obviously, the torsion po-

tentials will affect the conformation of polyNAGA in water. The other direction is

to carry out further MD calculations on new hypothetical, water-soluble polymers

similar to polyNAGA with modified side chains. The side chains in polyNAGA

are very unique with many hydrogen donors and acceptors. Changing the function

groups on the side chains will definitely alter the solubility behavior of polyNAGA.

The final direction is to carry out MD study on the interaction between polymers

and clay surfaces to determine the potential of using such water-soluble, UCST

polymers as a flocculant in the oil sands tailings treatment.
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PDB file of polyNAGA10

ATOM 1 C1 C6 P 0 5.879 6.555 8.756 1.00 0.00 C
ATOM 2 C2 C6 P 0 4.974 6.461 10.026 1.00 0.00 C
ATOM 3 O3 C6 P 0 4.138 5.585 10.177 1.00 0.00 O
ATOM 4 N4 C6 P 0 5.162 7.411 10.962 1.00 0.00 N
ATOM 5 C5 C6 P 0 4.422 7.321 12.232 1.00 0.00 C
ATOM 6 C6 C6 P 0 3.028 7.943 12.073 1.00 0.00 C
ATOM 7 O7 C6 P 0 2.747 9.089 12.372 1.00 0.00 O
ATOM 8 N8 C6 P 0 2.119 7.092 11.567 1.00 0.00 N
ATOM 9 C9 C6 P 0 5.300 5.564 7.726 1.00 0.00 C
ATOM 10 H1 0 C6 P 0 5.831 7.566 8.314 1.00 0.00 H
ATOM 11 H1 1 C6 P 0 5.889 8.100 10.883 1.00 0.00 H
ATOM 12 H1 2 C6 P 0 4.911 7.979 12.961 1.00 0.00 H
ATOM 13 H1 3 C6 P 0 4.440 6.298 12.640 1.00 0.00 H
ATOM 14 H1 4 C6 P 0 1.169 7.401 11.447 1.00 0.00 H
ATOM 15 H1 5 C6 P 0 2.432 6.194 11.233 1.00 0.00 H
ATOM 16 C1 6 C6 P 0 7.334 6.223 9.167 1.00 0.00 C
ATOM 17 H1 7 C6 P 0 7.299 5.315 9.800 1.00 0.00 H
ATOM 18 H1 8 C6 P 0 7.724 7.024 9.815 1.00 0.00 H
ATOM 19 H1 9 C6 P 0 5.849 5.629 6.773 1.00 0.00 H
ATOM 20 H2 0 C6 P 0 4.244 5.786 7.505 1.00 0.00 H
ATOM 21 H2 1 C6 P 0 5.373 4.524 8.082 1.00 0.00 H
ATOM 22 C2 2 C5 P 0 8.350 5.874 8.052 1.00 0.00 C
ATOM 23 C2 3 C5 P 0 8.436 6.749 6.798 1.00 0.00 C
ATOM 24 O2 4 C5 P 0 8.385 6.232 5.692 1.00 0.00 O
ATOM 25 N2 5 C5 P 0 8.461 8.096 6.916 1.00 0.00 N
ATOM 26 C2 6 C5 P 0 9.014 8.914 8.003 1.00 0.00 C
ATOM 27 C2 7 C5 P 0 10.419 9.509 7.833 1.00 0.00 C
ATOM 28 O2 8 C5 P 0 10.892 10.239 8.690 1.00 0.00 O
ATOM 29 N2 9 C5 P 0 11.165 9.208 6.754 1.00 0.00 N
ATOM 30 H3 0 C5 P 0 7.957 4.955 7.586 1.00 0.00 H
ATOM 31 H3 1 C5 P 0 8.445 8.582 6.024 1.00 0.00 H
ATOM 32 H3 2 C5 P 0 9.075 8.333 8.928 1.00 0.00 H
ATOM 33 H3 3 C5 P 0 8.362 9.784 8.174 1.00 0.00 H
ATOM 34 H3 4 C5 P 0 10.811 8.671 5.981 1.00 0.00 H
ATOM 35 H3 5 C5 P 0 12.047 9.684 6.677 1.00 0.00 H
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ATOM 36 C3 6 C5 P 0 9.724 5.513 8.688 1.00 0.00 C
ATOM 37 H3 7 C5 P 0 9.488 4.866 9.555 1.00 0.00 H
ATOM 38 H3 8 C5 P 0 10.191 6.417 9.117 1.00 0.00 H
ATOM 39 C3 9 C5 P 0 10.808 4.781 7.852 1.00 0.00 C
ATOM 40 C4 0 C5 P 0 10.267 3.471 7.297 1.00 0.00 C
ATOM 41 O4 1 C5 P 0 10.465 2.417 7.883 1.00 0.00 O
ATOM 42 N4 2 C5 P 0 9.558 3.501 6.152 1.00 0.00 N
ATOM 43 C4 3 C5 P 0 8.920 2.261 5.680 1.00 0.00 C
ATOM 44 C4 4 C5 P 0 7.557 2.066 6.358 1.00 0.00 C
ATOM 45 O4 5 C5 P 0 6.526 2.593 5.982 1.00 0.00 O
ATOM 46 N4 6 C5 P 0 7.574 1.237 7.417 1.00 0.00 N
ATOM 47 H4 7 C5 P 0 11.549 4.396 8.571 1.00 0.00 H
ATOM 48 H4 8 C5 P 0 9.196 4.374 5.795 1.00 0.00 H
ATOM 49 H4 9 C5 P 0 9.621 1.414 5.734 1.00 0.00 H
ATOM 50 H5 0 C5 P 0 8.647 2.401 4.629 1.00 0.00 H
ATOM 51 H5 1 C5 P 0 8.450 0.965 7.826 1.00 0.00 H
ATOM 52 H5 2 C5 P 0 6.708 1.151 7.931 1.00 0.00 H
ATOM 53 C5 3 C5 P 0 11.538 5.733 6.880 1.00 0.00 C
ATOM 54 H5 4 C5 P 0 12.114 6.433 7.514 1.00 0.00 H
ATOM 55 H5 5 C5 P 0 10.784 6.340 6.362 1.00 0.00 H
ATOM 56 C5 6 C5 P 0 12.484 5.150 5.791 1.00 0.00 C
ATOM 57 C5 7 C5 P 0 12.907 6.327 4.986 1.00 0.00 C
ATOM 58 O5 8 C5 P 0 12.091 7.140 4.565 1.00 0.00 O
ATOM 59 N5 9 C5 P 0 14.219 6.502 4.755 1.00 0.00 N
ATOM 60 C6 0 C5 P 0 14.678 7.653 3.961 1.00 0.00 C
ATOM 61 C6 1 C5 P 0 14.383 7.414 2.479 1.00 0.00 C
ATOM 62 O6 2 C5 P 0 14.817 6.467 1.849 1.00 0.00 O
ATOM 63 N6 3 C5 P 0 13.604 8.329 1.877 1.00 0.00 N
ATOM 64 H6 4 C5 P 0 11.849 4.603 5.071 1.00 0.00 H
ATOM 65 H6 5 C5 P 0 14.905 5.789 4.966 1.00 0.00 H
ATOM 66 H6 6 C5 P 0 15.777 7.679 4.009 1.00 0.00 H
ATOM 67 H6 7 C5 P 0 14.298 8.592 4.393 1.00 0.00 H
ATOM 68 H6 8 C5 P 0 13.397 8.177 0.903 1.00 0.00 H
ATOM 69 H6 9 C5 P 0 13.261 9.151 2.345 1.00 0.00 H
ATOM 70 C7 0 C5 P 0 13.543 4.174 6.355 1.00 0.00 C
ATOM 71 H7 1 C5 P 0 13.059 3.574 7.145 1.00 0.00 H
ATOM 72 H7 2 C5 P 0 14.309 4.767 6.888 1.00 0.00 H
ATOM 73 C7 3 C5 P 0 14.168 3.211 5.298 1.00 0.00 C
ATOM 74 C7 4 C5 P 0 15.652 3.255 5.510 1.00 0.00 C
ATOM 75 O7 5 C5 P 0 16.248 4.231 5.089 1.00 0.00 O
ATOM 76 N7 6 C5 P 0 16.335 2.235 6.119 1.00 0.00 N
ATOM 77 C7 7 C5 P 0 15.818 1.781 7.415 1.00 0.00 C
ATOM 78 C7 8 C5 P 0 16.725 0.698 8.010 1.00 0.00 C
ATOM 79 O7 9 C5 P 0 17.813 0.913 8.509 1.00 0.00 O
ATOM 80 N8 0 C5 P 0 16.214 -0.547 8.002 1.00 0.00 N
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ATOM 81 H8 1 C5 P 0 14.138 3.716 4.316 1.00 0.00 H
ATOM 82 H8 2 C5 P 0 17.335 2.431 6.134 1.00 0.00 H
ATOM 83 H8 3 C5 P 0 14.767 1.479 7.328 1.00 0.00 H
ATOM 84 H8 4 C5 P 0 15.872 2.582 8.171 1.00 0.00 H
ATOM 85 H8 5 C5 P 0 15.414 -0.766 7.426 1.00 0.00 H
ATOM 86 H8 6 C5 P 0 16.814 -1.278 8.341 1.00 0.00 H
ATOM 87 C8 7 C5 P 0 13.251 1.963 5.200 1.00 0.00 C
ATOM 88 H8 8 C5 P 0 12.276 2.389 4.892 1.00 0.00 H
ATOM 89 H8 9 C5 P 0 13.066 1.554 6.209 1.00 0.00 H
ATOM 90 C9 0 C5 P 0 13.487 0.746 4.256 1.00 0.00 C
ATOM 91 C9 1 C5 P 0 14.606 -0.131 4.733 1.00 0.00 C
ATOM 92 O9 2 C5 P 0 14.473 -0.869 5.699 1.00 0.00 O
ATOM 93 N9 3 C5 P 0 15.749 -0.102 4.026 1.00 0.00 N
ATOM 94 C9 4 C5 P 0 16.864 -1.037 4.256 1.00 0.00 C
ATOM 95 C9 5 C5 P 0 17.008 -2.176 3.235 1.00 0.00 C
ATOM 96 O9 6 C5 P 0 17.966 -2.933 3.252 1.00 0.00 O
ATOM 97 N9 7 C5 P 0 16.049 -2.334 2.301 1.00 0.00 N
ATOM 98 H9 8 C5 P 0 12.638 0.077 4.478 1.00 0.00 H
ATOM 99 H9 9 C5 P 0 15.877 0.575 3.293 1.00 0.00 H
ATOM 100 0H1 0 C5 P 0 16.765 -1.519 5.237 1.00 0.00 H
ATOM 101 1H1 0 C5 P 0 17.824 -0.499 4.222 1.00 0.00 H
ATOM 102 2H1 0 C5 P 0 16.179 -3.048 1.600 1.00 0.00 H
ATOM 103 3H1 0 C5 P 0 15.219 -1.766 2.293 1.00 0.00 H
ATOM 104 C1 0 C5 P 0 13.474 1.094 2.739 1.00 0.00 C
ATOM 105 5H1 0 C5 P 0 14.316 0.624 2.202 1.00 0.00 H
ATOM 106 6H1 0 C5 P 0 13.633 2.177 2.586 1.00 0.00 H
ATOM 107 C1 0 C5 P 0 12.193 0.677 1.966 1.00 0.00 C
ATOM 108 C1 0 C5 P 0 11.917 -0.765 2.218 1.00 0.00 C
ATOM 109 O1 0 C5 P 0 12.803 -1.604 2.100 1.00 0.00 O
ATOM 110 N1 1 C5 P 0 10.680 -1.122 2.629 1.00 0.00 N
ATOM 112 C1 1 C5 P 0 9.083 -2.808 3.488 1.00 0.00 C
ATOM 113 O1 1 C5 P 0 8.978 -2.865 4.699 1.00 0.00 O
ATOM 114 N1 1 C5 P 0 8.016 -3.040 2.696 1.00 0.00 N
ATOM 115 5H1 1 C5 P 0 12.508 0.642 0.911 1.00 0.00 H
ATOM 116 6H1 1 C5 P 0 9.907 -0.479 2.654 1.00 0.00 H
ATOM 117 7H1 1 C5 P 0 11.139 -2.999 3.459 1.00 0.00 H
ATOM 118 8H1 1 C5 P 0 10.513 -3.087 1.796 1.00 0.00 H
ATOM 119 9H1 1 C5 P 0 8.060 -2.815 1.711 1.00 0.00 H
ATOM 120 0H1 2 C5 P 0 7.107 -3.037 3.143 1.00 0.00 H
ATOM 121 C1 2 C5 P 0 11.102 1.758 2.082 1.00 0.00 C
ATOM 122 2H1 2 C5 P 0 11.626 2.722 1.953 1.00 0.00 H
ATOM 123 3H1 2 C5 P 0 10.741 1.754 3.127 1.00 0.00 H
ATOM 124 C1 2 C5 P 0 9.896 1.671 1.106 1.00 0.00 C
ATOM 125 C1 2 C5 P 0 8.647 2.040 1.894 1.00 0.00 C
ATOM 126 O1 2 C5 P 0 7.952 1.160 2.366 1.00 0.00 O
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ATOM 127 N1 2 C5 P 0 8.273 3.351 2.011 1.00 0.00 N
ATOM 128 C1 2 C5 P 0 9.248 4.425 2.295 1.00 0.00 C
ATOM 129 C1 2 C5 P 0 8.739 5.776 1.769 1.00 0.00 C
ATOM 130 O1 3 C5 P 0 8.728 6.088 0.592 1.00 0.00 O
ATOM 131 N1 3 C5 P 0 8.329 6.644 2.711 1.00 0.00 N
ATOM 132 2H1 3 C5 P 0 9.678 0.614 0.906 1.00 0.00 H
ATOM 133 3H1 3 C5 P 0 7.391 3.453 2.497 1.00 0.00 H
ATOM 134 4H1 3 C5 P 0 10.136 4.275 1.672 1.00 0.00 H
ATOM 135 5H1 3 C5 P 0 9.586 4.431 3.345 1.00 0.00 H
ATOM 136 6H1 3 C5 P 0 8.310 6.421 3.694 1.00 0.00 H
ATOM 137 7H1 3 C5 P 0 7.996 7.540 2.393 1.00 0.00 H
ATOM 138 C1 3 C5 P 0 10.023 2.433 -0.244 1.00 0.00 C
ATOM 139 9H1 3 C5 P 0 10.706 3.288 -0.132 1.00 0.00 H
ATOM 140 0H1 4 C5 P 0 9.046 2.891 -0.496 1.00 0.00 H
ATOM 141 C1 4 C5 P 0 10.401 1.651 -1.529 1.00 0.00 C
ATOM 142 C1 4 C5 P 0 11.760 0.915 -1.461 1.00 0.00 C
ATOM 143 O1 4 C5 P 0 11.883 -0.290 -1.380 1.00 0.00 O
ATOM 144 N1 4 C5 P 0 12.838 1.698 -1.662 1.00 0.00 N
ATOM 145 C1 4 C5 P 0 13.004 3.165 -1.633 1.00 0.00 C
ATOM 146 C1 4 C5 P 0 13.649 3.624 -0.327 1.00 0.00 C
ATOM 147 O1 4 C5 P 0 14.581 3.039 0.193 1.00 0.00 O
ATOM 148 N1 4 C5 P 0 13.133 4.741 0.220 1.00 0.00 N
ATOM 149 9H1 4 C5 P 0 10.467 2.404 -2.340 1.00 0.00 H
ATOM 150 0H1 5 C5 P 0 13.709 1.194 -1.571 1.00 0.00 H
ATOM 151 1H1 5 C5 P 0 12.053 3.652 -1.884 1.00 0.00 H
ATOM 152 2H1 5 C5 P 0 13.729 3.434 -2.420 1.00 0.00 H
ATOM 153 3H1 5 C5 P 0 13.695 5.144 0.963 1.00 0.00 H
ATOM 154 4H1 5 C5 P 0 12.488 5.338 -0.268 1.00 0.00 H
ATOM 155 C1 5 C5 P 0 9.274 0.723 -2.087 1.00 0.00 C
ATOM 156 6H1 5 C5 P 0 9.640 0.304 -3.043 1.00 0.00 H
ATOM 157 7H1 5 C5 P 0 8.479 1.443 -2.372 1.00 0.00 H
ATOM 158 C1 5 C5 P 0 8.472 -0.374 -1.339 1.00 0.00 C
ATOM 159 C1 5 C5 P 0 8.940 -1.715 -0.881 1.00 0.00 C
ATOM 160 O1 6 C5 P 0 8.269 -2.324 -0.056 1.00 0.00 O
ATOM 161 N1 6 C5 P 0 10.007 -2.299 -1.452 1.00 0.00 N
ATOM 162 C1 6 C5 P 0 10.358 -3.696 -1.132 1.00 0.00 C
ATOM 163 C1 6 C5 P 0 11.847 -4.036 -0.996 1.00 0.00 C
ATOM 164 O1 6 C5 P 0 12.225 -5.190 -0.856 1.00 0.00 O
ATOM 165 N1 6 C5 P 0 12.753 -3.042 -1.016 1.00 0.00 N
ATOM 166 6H1 6 C5 P 0 8.081 0.034 -0.393 1.00 0.00 H
ATOM 167 7H1 6 C5 P 0 10.546 -1.835 -2.171 1.00 0.00 H
ATOM 168 8H1 6 C5 P 0 9.990 -4.397 -1.895 1.00 0.00 H
ATOM 169 9H1 6 C5 P 0 9.924 -3.988 -0.165 1.00 0.00 H
ATOM 170 0H1 7 C5 P 0 13.733 -3.259 -0.907 1.00 0.00 H
ATOM 171 1H1 7 C5 P 0 12.461 -2.078 -1.083 1.00 0.00 H
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ATOM 172 C1 7 C5 P 0 7.225 -0.662 -2.226 1.00 0.00 C
ATOM 173 3H1 7 C5 P 0 6.509 -1.340 -1.735 1.00 0.00 H
ATOM 174 4H1 7 C5 P 0 7.519 -1.102 -3.192 1.00 0.00 H
ATOM 175 5H1 7 C5 P 0 6.683 0.277 -2.430 1.00 0.00 H
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Coordination file of polyNAGA10
in the GROMACS file format

1MEI C1 1 1.438 2.218 2.396
1MEI H11 2 1.331 2.229 2.383
1MEI H12 3 1.457 2.117 2.434
1MEI H13 4 1.482 2.224 2.297
2PCI C1 5 1.644 2.304 2.527
2PCI H11 6 1.651 2.216 2.591
2PCI H12 7 1.678 2.386 2.590
2PCI C2 8 1.495 2.326 2.491
2PCI H21 9 1.484 2.423 2.441
2PCI C3 10 1.413 2.332 2.621
2PCI O1 11 1.362 2.230 2.667
2PCI N1 12 1.403 2.452 2.681
2PCI H1 13 1.447 2.531 2.636
2PCI C4 14 1.340 2.476 2.811
2PCI H41 15 1.415 2.523 2.876
2PCI H42 16 1.310 2.384 2.861
2PCI C5 17 1.219 2.569 2.799
2PCI O2 18 1.229 2.688 2.828
2PCI N2 19 1.105 2.514 2.756
2PCI H2 20 1.022 2.570 2.747
2PCI H3 21 1.102 2.415 2.733
3PCI C1 22 1.892 2.268 2.463
3PCI H11 23 1.888 2.207 2.553
3PCI H12 24 1.930 2.364 2.498
3PCI C2 25 1.745 2.282 2.411
3PCI H21 26 1.717 2.184 2.373
3PCI C3 27 1.727 2.378 2.291
3PCI O1 28 1.700 2.328 2.182
3PCI N1 29 1.740 2.511 2.302
3PCI H1 30 1.723 2.563 2.216
3PCI C4 31 1.780 2.594 2.415
3PCI H41 32 1.802 2.538 2.505
3PCI H42 33 1.696 2.660 2.440
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3PCI C5 34 1.902 2.682 2.383
3PCI O2 35 1.925 2.781 2.452
3PCI N2 36 1.981 2.646 2.282
3PCI H2 37 1.960 2.564 2.227
3PCI H3 38 2.063 2.702 2.259
4PCI C1 39 2.061 2.301 2.266
4PCI H11 40 2.111 2.380 2.322
4PCI H12 41 1.980 2.350 2.214
4PCI C2 42 2.001 2.204 2.371
4PCI H21 43 2.084 2.185 2.439
4PCI C3 44 1.961 2.064 2.321
4PCI O1 45 2.003 1.966 2.383
4PCI N1 46 1.879 2.054 2.216
4PCI H1 47 1.847 2.138 2.171
4PCI C4 48 1.831 1.927 2.162
4PCI H41 49 1.884 1.841 2.201
4PCI H42 50 1.849 1.927 2.054
4PCI C5 51 1.681 1.911 2.188
4PCI O2 52 1.599 1.937 2.100
4PCI N2 53 1.646 1.869 2.310
4PCI H2 54 1.717 1.848 2.378
4PCI H3 55 1.548 1.856 2.332
5PCI C1 56 2.272 2.154 2.210
5PCI H11 57 2.239 2.102 2.299
5PCI H12 58 2.357 2.213 2.244
5PCI C2 59 2.160 2.248 2.157
5PCI H21 60 2.099 2.191 2.087
5PCI C3 61 2.215 2.369 2.077
5PCI O1 62 2.144 2.468 2.059
5PCI N1 63 2.340 2.361 2.027
5PCI H1 64 2.392 2.276 2.043
5PCI C4 65 2.413 2.471 1.965
5PCI H41 66 2.511 2.478 2.013
5PCI H42 67 2.364 2.568 1.981
5PCI C5 68 2.433 2.446 1.816
5PCI O2 69 2.515 2.362 1.777
5PCI N2 70 2.359 2.518 1.731
5PCI H2 71 2.369 2.505 1.632
5PCI H3 72 2.293 2.586 1.768
6PCI C1 73 2.232 1.916 2.114
6PCI H11 74 2.128 1.946 2.099
6PCI H12 75 2.234 1.879 2.216
6PCI C2 76 2.317 2.047 2.105
6PCI H21 77 2.292 2.090 2.008
6PCI C3 78 2.469 2.027 2.095
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6PCI O1 79 2.524 2.045 1.986
6PCI N1 80 2.544 1.994 2.202
6PCI H1 81 2.644 1.987 2.185
6PCI C4 82 2.504 1.957 2.337
6PCI H41 83 2.396 1.954 2.350
6PCI H42 84 2.542 2.033 2.406
6PCI C5 85 2.564 1.822 2.374
6PCI O2 86 2.686 1.804 2.371
6PCI N2 87 2.479 1.725 2.410
6PCI H2 88 2.379 1.743 2.410
6PCI H3 89 2.514 1.634 2.434
7PCI C1 90 2.270 1.833 1.865
7PCI H11 91 2.363 1.795 1.822
7PCI H12 92 2.279 1.940 1.851
7PCI C2 93 2.258 1.798 2.017
7PCI H21 94 2.165 1.741 2.027
7PCI C3 95 2.361 1.696 2.070
7PCI O1 96 2.328 1.621 2.162
7PCI N1 97 2.483 1.693 2.015
7PCI H1 98 2.502 1.757 1.939
7PCI C4 99 2.592 1.603 2.053
7PCI H41 100 2.568 1.546 2.142
7PCI H42 101 2.678 1.665 2.079
7PCI C5 102 2.635 1.506 1.942
7PCI O2 103 2.725 1.426 1.963
7PCI N2 104 2.571 1.510 1.824
7PCI H2 105 2.597 1.446 1.750
7PCI H3 106 2.496 1.576 1.810
8PCI C1 107 2.027 1.868 1.795
8PCI H11 108 2.060 1.971 1.803
8PCI H12 109 1.990 1.844 1.895
8PCI C2 110 2.155 1.781 1.774
8PCI H21 111 2.189 1.798 1.673
8PCI C3 112 2.137 1.628 1.789
8PCI O1 113 2.237 1.556 1.785
8PCI N1 114 2.014 1.579 1.807
8PCI H1 115 1.937 1.645 1.806
8PCI C4 116 1.980 1.443 1.846
8PCI H41 117 2.068 1.388 1.882
8PCI H42 118 1.941 1.388 1.760
8PCI C5 119 1.877 1.446 1.959
8PCI O2 120 1.909 1.480 2.073
8PCI N2 121 1.751 1.413 1.927
8PCI H2 122 1.729 1.387 1.832
8PCI H3 123 1.679 1.414 1.998
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9PCI C1 124 1.922 1.944 1.561
9PCI H11 125 1.996 2.021 1.579
9PCI H12 126 1.830 1.999 1.544
9PCI C2 127 1.910 1.860 1.692
9PCI H21 128 1.904 1.756 1.661
9PCI C3 129 1.776 1.887 1.764
9PCI O1 130 1.695 1.795 1.774
9PCI N1 131 1.747 2.008 1.818
9PCI H1 132 1.657 2.016 1.863
9PCI C4 133 1.829 2.129 1.824
9PCI H41 134 1.918 2.122 1.762
9PCI H42 135 1.863 2.143 1.927
9PCI C5 136 1.754 2.253 1.775
9PCI O2 137 1.730 2.268 1.656
9PCI N2 138 1.722 2.345 1.867
9PCI H2 139 1.746 2.330 1.964
9PCI H3 140 1.674 2.429 1.838
10PCI C1 141 1.845 1.787 1.356
10PCI H11 142 1.889 1.732 1.273
10PCI H12 143 1.780 1.859 1.307
10PCI C2 144 1.956 1.872 1.426
10PCI H21 145 1.965 1.954 1.355
10PCI C3 146 2.096 1.809 1.424
10PCI O1 147 2.108 1.687 1.433
10PCI N1 148 2.206 1.885 1.409
10PCI H1 149 2.294 1.836 1.406
10PCI C4 150 2.219 2.031 1.400
10PCI H41 151 2.124 2.084 1.403
10PCI H42 152 2.264 2.055 1.304
10PCI C5 153 2.308 2.088 1.511
10PCI O2 154 2.370 2.014 1.589
10PCI N2 155 2.315 2.221 1.519
10PCI H2 156 2.372 2.264 1.591
10PCI H3 157 2.263 2.278 1.455
11PEE C1 158 1.623 1.662 1.355
11PEE H11 159 1.556 1.596 1.410
11PEE H12 160 1.647 1.613 1.260
11PEE H13 161 1.567 1.753 1.332
11PEE C2 162 1.750 1.694 1.435
11PEE H21 163 1.715 1.750 1.522
11PEE C3 164 1.810 1.562 1.487
11PEE O1 165 1.782 1.526 1.601
11PEE N1 166 1.883 1.487 1.403
11PEE H1 167 1.900 1.523 1.310
11PEE C4 168 1.937 1.355 1.433
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11PEE H41 169 1.889 1.282 1.368
11PEE H42 170 1.915 1.324 1.535
11PEE C5 171 2.089 1.347 1.414
11PEE O2 172 2.135 1.292 1.314
11PEE N2 173 2.166 1.399 1.509
11PEE H2 174 2.266 1.395 1.500
11PEE H3 175 2.124 1.444 1.589
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GROMACS energy minimization
file

title fws
cpp /usr/bin/cpp
define -DFLEXIBLE

constraints none
integrator steep

dt 0.1
nsteps 4000
nstlist 10
ns-type grid
rlist 1.0

coulombtype PME
rcoulomb 1.0
vdwtype cut-off
rvdw 1.4

fourierspacing 0.12
emtol 100.0
emstep 0.01

Table 3: Energy minimization parameters
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GROMACS molecular dynamics
simulation parameters file

title Production Simulation
cpp /lib/cpp

integrator md
dt 0.001

nsteps 50000000
nstxout 500000
nstvout 500000
nstfout 500000
nstlog 500000

nstenergy 500000
nstxtcout 500000

xtc precision 500000
xtc-grps System

energygrps System
nstlist 10
ns-type grid
pbc xyz
rlist 1.2

coulombtype PME
rcoulomb 1.2

fourierspacing 0.12
vdw-type Cut-off
rvdw 1.2
tcoupl nose-hoover
tc-grps system
tau t 0.2
ref t 360

Pcoupl Parrinello-Rahman
Pcoupltype Isotropic

tau p 1.0
compressibility 4.5e-5

ref p 1.0
gen vel yes
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gen temp 360
gen seed 9999

constraints none

Table 4: Molecular Dynamics simulation parameters
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