
ABSTRACT  

LIU, HONGYI. Fiber Lubrication: A Molecular Dynamics Simulation Study. (Under the 
direction of Wendy E. Krause and Orlando J. Rojas).  
 
 

Molecular and mesoscopic level description of friction and lubrication remains a 

challenge because of difficulties in the phenomenological understanding of to the behaviors 

of solid-liquid interfaces during sliding. Fortunately, there is the computational simulation 

approach opens an opportunity to predict and analyze interfacial phenomena, which were 

studied with molecular dynamics (MD) and mesoscopic dynamics (MesoDyn) simulations. 

Polypropylene (PP) and cellulose are two of most common polymers in textile fibers. 

Confined amorphous surface layers of PP and cellulose were built successfully with xenon 

crystals which were used to compact the polymers. The physical and surface properties of the 

PP and cellulose surface layers were investigated by MD simulations, including the density, 

cohesive energy, volumetric thermal expansion, and contact angle with water.  

The topology method was employed to predict the properties of poly(alkylene glycol) 

(PAG) diblock copolymers and Pluronic triblock copolymers used as lubricants on surfaces. 

Density, zero shear viscosity, shear module, cohesive energy and solubility parameter were 

predicted with each block copolymer.  

Molecular dynamics simulations were used to study the interaction energy per unit 

contact area of block copolymer melts with PP and cellulose surfaces. The interaction energy 

is defined as the ratio of interfacial interaction energy to the contact area. Both poly(proplene 

oxide) (PPO) and poly(ethylene oxide) (PEO) segments provided a lipophilic character to 

both PP and cellulose surfaces. The PPO/PEO ratio and the molecular weight were found to 

impact the interaction energy on both PP and cellulose surfaces. 

In aqueous solutions, the interaction energy is complicated due to the presence of 



water and the cross interactions between the multiple molecular components. The polymer-

water-surface (PWS) calculation method was proposed to calculate such complex systems. In 

a contrast with a vacuum condition, the presence of water increases the attractive interaction 

energy of the diblock copolymer on the cellulose surface, compared with that on the PP 

surface. Water decreases the interaction energy of the triblock copolymer on the cellulose 

surface, compared with that on the PP surface.  

MesoDyn was adopted to investigate the self-assembled morphology of the triblock 

copolymer, in aqueous solution, confined and sheared at solid-liquid interfaces. In a bulk 

aqueous solution, when the polymer concentration reached 10% v/v, micelles were observed 

with PPO blocks in the core and PEO blocks in the shell of the micelles. At the 

concentrations of 25% and 50%, worm-like micelles and irregular cylinders were observed in 

solutions, respectively. The micelles were formed faster in aqueous solutions confined by 

cellulose surfaces than that in the bulk. The formed micelles were broken under shearing, 

which led to a depletion of polymers at the interfaces. During the shearing on the PP surfaces, 

the polymers were adsorbed on the surfaces protecting the PP surfaces. 

This simulation study in the fiber lubrication was in good agreement with the 

experimental results and so provided an approach to visualize the polymer configuration at 

the liquid-solid interface, predict the lubricant-surface systems, and theoretically guide the 

experiments of designing new/efficient lubricants for fibers. 
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Chapter 1 

Introduction 
 

Abstract 
The science of friction and lubrication is called tribology. It is attractive to both 
industrial and academic research. The study scale on this issue varies from macro 
scale of Amontons’ friction law to micro scale. In the past decades, great interest in 
the area has been further focused to the nanoscale, with a term called nanotribology. 
A great deal of experimental and theoretical work has been done at micro and 
nanoscales with modern instruments. However, atomic details of friction and 
lubrication are still a mystery because it is technically difficult to observe what 
happens at a solid-liquid interface during sliding with experimental tools. Molecular 
dynamics (MD) and microscopic dynamics (MesoDyn) simulation methods are used 
to study the lubrication of fibers from nanoscale to mesoscale. Following chapters 
will discuss the use of these methods to study several problems in fiber lubrication. 
 

 

It has been well-known that friction behaviors have both advantages and 

disadvantages in textile processing. When short natural fibers, such as wool, flax and cotton, 

are spun into yarns, friction plays a favorable factor to the formation of yarns. If the friction 

is too low, the yarn strength decreases and the dimensional stability of fabrics would be 

consequently reduced. In addition, friction plays a main role in making roving, usually by 

controlling the humidity of cotton or adding fluids on wool and synthetic fibers in roller 

drafting. Friction is not desirable when yarns are woven into fabrics. In the past, people 

learned to coat yarns with wax or oil to reduce friction. Nowadays, with the industrial trend 

of high speeds, friction phenomena have been given more attention in both the textile 
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industry and academic research.1 

 

1. A history of the study of friction 

The study of friction is based on two classical laws, proposed by da Vinci 

(1452-1519), but rediscovered by Amontons in 1699.2, 3 The laws, depicted in Figure 1.1, 

state that: (1) the frictional force Ff is proportional to the normal force, N, and the coefficient 

of friction, μ=Ff/N, is a constant in a given friction system; (2) the friction is independent of 

the area of the contact between two given surfaces. These friction laws were verified by 

Coulomb in 1781.2, 3 He pointed out the difference between static friction and kinetic friction: 

the static friction force is the force resisting sliding that needs to be conquered in order to 

trigger the motion of sliding. He observed that the kinetic friction is independent of the 

sliding speed. This discovery is called the third law of friction.2 

 

 

Ff 
N 

 
Figure 1.1 The sketch of Amontons’ friction law. N represents the normal 

force and Ff denotes the friction. 
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Many other theories of friction have been developed. They fall into two main 

categories: surface roughness and surface interaction.3 Coulomb claimed that any friction 

essentially results in the process of lifting the asperities over the counterparts on the other 

surface and that lifting consumes energy. He accordingly proposed that a lubricant could 

possibly reduce friction by filling up the gaps between the asperities. During the nineteenth 

century, many researchers were also able to repeat Coulomb’s experimental results and 

accepted his roughness theory of friction.2 However, there were two drawbacks in the theory. 

One was the difficulty to explain how the frictional energy can be produced and dissipated. 

When the upper asperities move upward and stride over the counterparts of the surface, 

shown in Figure 1.2(a), if a surface is completely free of adhesion interactions, the potential 

energy can be measured by E=N·Δh. In the sliding, it is not all of the dissipated energy 

converted to heat, which is a drawback of this theory. The other drawback was the difficulty 

to determine roughness values before the atomic force microscope (AFM) was invented 

which measures roughness at nanoscale.4 
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  (a)                                      (b) 
 

Figure 1.2 The sketch of (a) Coulomb surface roughness model and (b) 
Vince surface interaction model. N indicates the normal force. v 
refers to the velocity of moving surfaces. Δh denotes the height 
of an asperity. 

 

Vince modified Coulomb’s theory in 1785 by stating that adhesion or cohesion 

between the surfaces largely contributed to friction, depicted in Figure 1.2(b).2, 5 The effects 

of both adhesion and roughness were observed on some specific surfaces, but only the 

adhesion was shown to be the main factor that contributed to frictional force. This 

observation could explain that the stationary coefficient of friction is higher than the sliding 

coefficient. The molecular adhesion present between the surfaces is caused by short-range 

intermolecular forces.2, 5 When surfaces are sliding past one another, the surface molecules 

are removed from their equilibrium positions. When that displacement exceeds a certain 

distance and then the molecules recover by vibrational motion to their equilibrium positions. 

 4



Vince’s theory can not explain the wear and the material transitions, such as wear, which are 

generally observed when naked surfaces slide past one another. In 1936, Bowden, Tabor and 

their co-workers suggested that the predominant friction effect typically is a strong adhesion 

of two surfaces at real contact points as a result of cold welding.2 When the surfaces are 

sliding on a surface, the junctions of real contact points must shear or be sheared. They 

assumed the friction force is the primary force required to shear junctions.2 However, their 

theory could not explain that substantial friction exists even in cases without wear. 

No significant progress was made after Bowden and Tabor’s theory until the 1970’s. 

Israelachvili, a student of Tabor, developed a surface force apparatus (SFA), which can 

measure friction at an atomic scale. With SFA, he observed the first direct evidence for 

wear-free friction.6 In SFA, two cylindrical smooth mica surfaces are positioned in a crossed 

cylinder configuration. The two surfaces are brought toward or away from each other using 

several mechanical stages to increase sensitivity. An optical technique using multiple beam 

interference fringes is used to observe and monitor the contact region of the two surfaces. 

Deflections of the sensor connected to the half-cylinders are proportional to frictional forces. 

With SFA, Israelachvili et al.6-8 studied surfactant mono-layers and discovered a relationship 

between adhesion and friction. Surfactant mono-layers were found to exhibit three states: 

solid-like, amorphous, or liquid-like. Moreover, the states of the layers can be changed by 

varying the atmosphere, temperature, velocity or related parameters. However, Krim9 pointed 
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out that these experiments could not address the explicit physical mechanism that gives rise 

to the friction that they were measuring, thus she proposed a new field in friction study. 

The new field is called nanotribology, the term firstly coined by Krim10 in 1991. With 

the inventation of new techniques that measure surface topography, adhesion, friction, wear, 

lubrication, film thickness, and mechanical properties, tribology now can be studied on a 

1-1000 nanometer (nm) scale. Nanotribology is concerned with experimental and theoretical 

research ranging from atomic and molecular scale to micro-scale. In macrotribology, the 

studies are conducted on surfaces with relatively large mass under heavily loaded condition. 

Wear is inevitable and the bulk properties of components dominate the fiction phenomena. In 

nanotribology, the friction (or shear) systems have light loading forces, where wear is 

negligible and the properties of the interface dominate the friction phenomena.11 

Besides SFA mentioned above, there are two other important experimental techniques 

in nanotribology: lateral force microscope (LFM)12-17 and quartz crystal microbalance (QCM) 

18-22. These methods are described in Chapter 2, 5 and 6. 

 

2. Problem definition 

Discussions on friction and lubrication have captured the attention of engineers and 

scientists for over several hundred years. The main reason that so little is known about either 

interaction or friction processes is that we cannot see what happens at the interface during 
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sliding. As described above, some instruments such as LFM have been used to perform 

friction measurements, characterize contact conditions, and even examine the worn surface. 

After the experimental developments, the modeling in nanotribology at the atomic level, 

particularly molecular dynamics (MD) simulations, has brought scientists a step closer to 

understanding what takes place during sliding contact at an atomic scale.  

As sliding conditions become more severe such as with rough surfaces and high 

contact pressures, wear becomes a severe problem in the system. Since the fiber-to-fiber or 

fiber-to-metal pressure is high, the surfaces contact is inevitable and the boundary lubrication 

occurs.23-25 As shown in Figure 1.3, boundary lubrication is a regime in which the lubricant 

film becomes too thin to provide total separation. This may be due to excessive loading, 

speeds, or a change in the characteristics of fluids. In such a situation, contact between 

surface asperities (peaks and valleys) occurs. Friction reduction and wear protection is then 

provided through the interfaces of lubricant molecules adhered to surfaces rather than the 

bulk properties of the lubricating fluids.  
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Figure 1.3 Boundary lubrication and hydrodynamic lubrication. The upper 

 

On rough surfaces, it can be difficult to identify the underlying mechanisms 

associated with complex phenomena. The dynamics of each individual asperity in rough 

surfaces may be associated with the quantity of contact points, which is time-dependent. 

These studies are thus complementary to those on the elasticity, plasticity and rheology of 

individual asperities. As for fibers whose surfaces are rough, the deformation of the asperities 

is elastic with proper lubrication (see Figure 1.3), which can reduce friction heat as a result of 

a low temperature with proper lubricants.  

 
 

figure is provided from project collaborator Yan Li,12 Cornell 
University. The lower image is drawn by Song.26  
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A lubricant, which is applied on a surface, might create an ultra-thin coating layer 

over the surfaces. The ultra-thin lubricant layer strongly adheres to the surface. The film is 

often only one or two molecules thick but can provide enough protection to prevent fibers 

from being damaged.  

 

 
Figure 1.4 The structures of the polymers as lubricants: (a) Diblock 

copolymers equivalent to UCON® polymers from DOW, (b) 

 Surfactants are comm . Block 

copolym

(a) 

(b) 

Triblock copolymers equivalent to Pluronic® polymers from 
BASF. 

only used as lubricant due to their amphiphilicity

ers composed of poly(ethylene oxide) (PEO) and poly (propylene oxide) (PPO) 

blocks are common nonionic surfactants, which are popular in drug delivery and used in 

washing powders and personal care products such as tooth paste. The polymers used in this 

work are diblock copolymers (Butyl-POn-EOm) and triblock copolymers (EOm-POn-EOm), 

shown in Figure 1.4. PEO is soluble to water while PPO and butylene oxide are insoluble to 

water.27 The variations of those block copolymers that we studied in this work is given in 
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Table1.1. 

 
Table 1.1 List of block copolymers used in this work. 

  R represents to the butyl group, P denotes PO, and E refers to EO in our codes here. 

in our work name Weight 

Density 

g/cm3

 

Code Commercial Molecular at 
Manufacturer 

298K 

R 50- 70 P6E8 HB-01 750 1.031 DOW 
RP10E13 50-HB-0400 1230 DOW  1.041
RP13E17 1  50-HB-0660 590 1.051 DOW 
RP22E29 50-HB-2000 2660 1.056 DOW  
RP33E44 50-HB-5100 3930 1.056 DOW  
RP11E42 75-H-1400 2470 1.095 DOW  
RP12 LB-0165 740 0.983 DOW  
RP24 LB-0525 1420 0.994 DOW  
RP40 LB-1715 2490 1.00 DOW  
E76P29E76 F068 8400 1.06 BASF 
E103P39E103 F088 11400 1.06 BASF  
E133P50E133 F108 1  4600 1.06 BASF 
E19P29E19 P065 3400 1.06 BASF  
E26P40E26 P085 4600 1.04 BASF  
E37P56E37 P105 6500 1.05 BASF  

 

 

. Simulation background  

s have been adapted in many research areas of the chemical, 

physica

3

Computer simulation

l, material, biological sciences. The rapid promotion in using computer simulations is 

primarily due to an enormous recent increase in computer power, effective algorithms, and 

successful development of software for modeling a wide range of systems and processes. 
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Figure 1.5 depicts the multiple scales available for simulations, and the detecting resolution 

at each scale. 

 

 
Figure 1.5 Simulation methods with the time and length scale. This figure is 

redrawn from the original source of Nielsen et al.28 
 

In the current work, to the aim

esoscale, particlularly adhesion, diffusion, morphology at nanoscale and mesoscale. In 

general, we assume that there are no electron and chemical reactions involved in fiber 

lubrication phenomena, so we do not require quantum mechanics. The scale of our previous 

experimental work varies from 1 nm (10 Å) to 1 μm, and the time scale also spans from 

picosecond (ps) to microsecond (µs). Therefore, we use molecular dynamics and mesoscale 

 is to study fiber lubrication phenomena at a nanoscale 

and m

 

Femtosecond (fs) 

Picosecond (ps) 

Nanosecond (ns) 

Microsecond (μs) 

Second (s) 

hour (hr) 

Å         nm               μm            mm          m    

day (d) QCM, LFM, 
Nanoindenter

Quantum 
mechanics 

Molecular 
dynamics 

Mesoscale 
simulation 

Finite element 
analysis       

Engineering design  
(Unit process design) 

T

Length Scale 

ime Scale 

Morphology, interface 
behavior etc. 

Equilibrium structure, 
interaction energy, etc. 
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simulation in this work. 

 

3.1 Molecular dynamics (MD) simulations 

on has been intensively developed since 1970s. 

MD sim

Molecular dynamics (MD) simulati

ulations are used to track the motions of atoms and molecules as a function of time. 

The classical MD method numerically solves Newton’s equations of motion for the particles 

that interact to each other in a system (atoms or molecules interacting with pair potentials). 

Therefore, the basics of the method are classical mechanics. 

i

npoti rrEr
mF

∂
−=

∂
=

)( 1
2 L

     ii rt ∂∂ 2       (1.1) 

where mi is mass, ri is position of atom pot

.1.1 Force field 

lation systems vary from individual atom to multiple-atom molecules, 

polyme

 i, E  is potential energy, and n is the number of 

atoms in the system. The potential energy contains the inter-molecular and intra-molecular 

interactions.  

 

3

 The simu

rs, and biological molecules. Meanwhile, force fields have been developed to vary 

from only van der Waals forces to more complicated forces. A force field is the database of 

the atom parameters, which describe the potential energy surface of entire classes of 

molecules with reasonable accuracy. Therefore, the properties of the system or the molecules 
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were simulated by virtual technology. 

COMPASS (condensed-phase optimized molecular potentials for atomistic 

simulation studies) is the consistent force fields (CFF).29 COMPASS is also an ab initio force 

field in which most of parameters are derived from ab initio data. COMPASS has the same 

functional forms with its previous version of force fields, but differ mainly in the range of 

functional groups that are use to parameterize the system. The total potential energy is 

written as a combination of valence terms including cross coupling terms, and non-bond 

interaction terms.30 The potential energy of COMPASS is expressed as follows:31 
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n 

angle (

clude a Lennard-Jones (LJ) 9-6 function for the van der 

Waals 

Coulomb term 

van der Waals term 

The valence terms represent internal coordinates of bond length (b), angle (θ), torsio

Φ), and out-of-plane angle (χ). K, H, V and F are all given as parameters and functions 

in COMPASS, according to each equivalent term of bond length, angle, torsion, out-of-plan 

angle and their cross terms. q represents the atom centered point charge and rij denotes the 

distance between atom i and j. ε is the stress between atoms.31 There are seven cross covalent 

terms in Equation 1.2. The cross terms are important to predicting vibrational frequencies 

and structural variations associated with conformational changes. Among the cross terms in 

the above equation, the bond-bond, bond-angle, and bong-torsion angle are the most 

frequently used terms. In order to describe different systems, different models have been 

used in the COMPASS force field.  

The non-bond interactions in

(vdW) term and a Coulomb function for an electrostatic interaction, shown as the last 

two terms in Equation 1.2. The non-bond terms are used for interactions between pairs of 

atoms that are separated by two or more internal atoms or those belonging to different 

molecules. The LJ-9-6 parameters (ε and r0) are described for the atom pairs with the same 
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elements. For the atom pairs of different elements, the off-diagonal parameter is calculated 

by a sixth order combination law:31 

6
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In comparison with the comm n 

region,

OMPASS extends the range as to include most of the common organic and 

inorgan

3.1.2 The integrator and the time step in MD 

ith the force field, the MD simulation is that 

Newton

on LJ-12-9 function, which is ‘hard’ in the repulsio

 the LJ-9-6 function is softer to repulsion but more attractive in the long separation 

range.31 

C

ic materials. The COMPASS contains more atoms than other second-generation force 

fields and works accurately on molecular structures, vibrational frequencies, conformation 

energies, dipole moments, liquid structures, crystal structures, equations of state, cohesive 

energy densities, etc. 

 

After defining the potential energy w

’s equations of motion are integrated numerically. The integrators assume that the 

positions, velocities and accelerations can be approximated by a Taylor series expansion.31 

We used Velocity Verlet method as the dynamics algorithm with Materials Studio software. 
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Velocity Verlet algorithm is a widely used integrators for the accuracy that is not 

achieved by the previous Verlet algorithm.32 The position (ri), velocity (vi) and acceleration 

(ai) of atom i at time t+δt (δt is the time step) are all obtained from the equivalents at the time 

t in the following way: 
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There are four steps and nine variables o 

obtain 

 δt, is essential to success in MD simulations. It should be 

at least

 to obtain a subsequent state. The first step is t

the next position of one time step. Secondly, the velocity of half step is calculated with 

previous acceleration. Then, the acceleration of the next full time step is derived from the 

differential of potential energy defined by the force field. The velocity of the next full time 

step is the amount of the velocity of half time step and the velocity increment according to 

the new acceleration. For each time point, the position, the velocity and the acceleration of a 

specified atom are synchronous. Although this integrator is resource-consuming, it is 

commonly used in MD integrals.  

The choice of the time step,

 an order of magnitude less than the typical times of the system that is defined by 

phonon frequencies or ratio of velocity to acceleration. If the time step is too large, errors 
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will occur in the integration, such as atoms crashing. If the time step is too small, errors will 

take place from rounding in the computation.31 The default value of the time steps is 1.0 fs in 

MD of Materials Studio 4.1, which was used in most of the current work. 

 

3.1.3 Periodic boundary conditions 

 are the available approach to simulate a large system by 

modeli

e nearest mirror 

image 

Periodic boundary conditions

ng a small unit cell adjacent to periodic mirror images at each side or facet. For 

example, Figure 1.6 shows a sketch of periodic boundary conditions in a 2-D system. The 

blue lattice is the unit cell we simulate. Other eight white lattices are the mirror images of the 

unit cell, in which each mirror image has atoms with the same states as the simulation lattice. 

When an atom moves out of the lattice, an equivalent atom in a mirror image moves in the 

lattice simultaneously, such as the atom #2 moving in Figure 1.6. Under periodic boundary 

conditions, the number of atoms in the simulate lattice is kept as a constant. 

Another principle of periodic boundary conditions is that only th

is considered to calculate interactions. For example in Figure 1.6, there are more 

options when we calculate the interaction between atom #3 and #1. Only the purple 

interactions are taken into account due to the nearest pairs of the mirror images. This 

principle is spontaneous when the edge length of the lattice is longer than the cutoff which is 

the maximum distance of calculating interaction of atoms or groups. Atoms or groups beyond 
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the cutoff are ignored to a target atom or group when the interaction is being calculated. 

 

 
Figure 1.6 The 2-D sketch of periodic boundary conditions. The blue lattice 

is a simulation model of an atom system. The white lattices are 
the mirror images of the simulation model. The circled numbers 
refer to the atoms in the model lattice and mirror images. The 
red unidirectional arrows denote the motion trajectory of all #2 
atoms. The dash circles represent the target positions of all #2 
atoms. The yellow, green and purple bidirectional arrows 
indicate the interaction between #3 and #1 atom. The atom 
distance of the purple arrows is shortest.  
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e build two kinds of models with periodic boundary conditions: confined layers and 

periodi

3.1.4 Controlling methods of temperature 

only used in MD simulations: constant 

atom n

ining 

dynami

 concept in dynamics simulation, and is the vital state 

variabl

W

c cells. The former are 2-D periodic and 1-D confined to simulate ultra-thin substrates 

and surfaces. The latter are 3-D periodic to duplicate the bulk materials. 

 

 There are four kinds of ensembles comm

umber, pressure, temperature (NPT), constant atom number, energy, volume (NVE), 

constant atom number, pressure, enthalpy (NPH), and constant atom number, temperature, 

volume (NVT). NVT ensemble is used to reach equilibrium structure under a certain 

systemic density, and NPT ensemble to obtain a proper density of a specified system.  

 As for NVT and NPT ensembles, MD simulation is advantageous in obta

c properties directly because the MD method provides not only particle positions but 

also the thermodynamic variables.31 

Temperature is an important

e to specify the thermodynamic state of the system. Temperature is calculated from 

the kinetic energy: 

∑
=

⋅== ET 2 N

i
ii

B
kin

B

vm
NkNk 1

2

3
1

3
vv

          (1.9) 

In the above equation, N denots i  the number of particles in the system and mi and v
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represent to the respective mass and velocity of the particle i. kB is Boltzmann’s constant.  

There are four temperature-control methods (thermostats) optional in Materia

B

ls 

Studio.

equatio

 They are the direct velocity scaling, Berendsen, Nosé-Hoover and Andersen methods. 

The direct velocity scaling can change the velocities of all atoms by the uniform 

n: 

system

target
2

old

new

T
T

v
v⎜⎛ =⎟⎟

⎠

⎞
⎜
⎝

              (1.10) 

The velocities of  

the sys

ach velocity 

is mult

 atoms are changed drastically by adding or subtracting energy from

tem. The target temperature can be exactly reached whatever the system temperature 

is. It is because the direct velocity scaling method suppresses the natural fluctuations of a 

system. The direct velocity scaling is only used in the equilibration in our work. 

Berendsen method is called as the temperature-bath coupling, in which e

iplied by a velocity factor to limit atom velocities as well as the system temperature. 

The factor works as follows: 

2
1

01 ⎥
⎦

⎤
⎢
⎣

⎡
⎜
⎛Δ

−⋅=
Ttvv ⎟

⎠
⎞

⎝

−
T

T
oldnew τ

           (1.11) 

where τ is the coupling parameter (0.1  

thod33-35 is to extend Newton’s equations of motion by a 

-0.4 ps) which determines how tightly the temperature

bath and the system are coupled together, Δt is the time step, T0 is the target temperature, and 

T is the current temperature.  

The Nosé-Hoover me
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‘friction’ term:36, 37 

i
i

i
i

Fa vm
v

v
v −= ⋅ζ               (1.12) 

The friction coefficient ζ(t) fluctuates in time around zero, according to the equation : 

⎥
⎦

⎤
⎢
⎡

−= ∑
N

TNkvmd 2 31 vζ            (1.13) 
⎣ =i

BiiQdt 1

where Q is a user-defined constant. 

rf ms on tan temperature dynamics that produces the 

true can

osen particle by a 

predefi

hod is used for NPT and Andersen stochastic 

method

3.1.5 MD minimization methods 

ed, a frequent activity in molecular simulation is the 

optimiz

    

The Nosé-Hoover method pe or  c s t-

onical ensembles in both coordinate space and momentum space.  

Andersen stochastic method replaces the velocity of a randomly ch

ned collision period.38 In Materials Studio, the predefined collision period is 

proportional to N2/3 where N is the atom number of the system. The velocity replacement 

duplicates particle collisions with the wall.  

In Materials Studio, Berendsen met

 is used for NVT to control temperature in dynamics.  

 

Before dynamics is start

ation or minimization of the system. The optimization or minimization aims to seek 

the minimum value of the total energy in the system. There are three commonly used 

minimization algorithms: the steepest descents, conjugate gradients, and Newton-Raphson 
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method.  

In Materials Studio, the system provides four options of the algorithm for 

minimi

3.2 Mesoscale simulations  

of mesoscale simulation methods commonly used, mesoscopic 

dynami

zation: Steepest descents, Conjugate gradient, Newton-Raphson methods, and Smart 

method. Smart method is a joint method to combine Steepest descents, Conjugate gradient, 

and Newton-Raphson methods in a cascading manner.  

 

There are two kinds 

cs (MesoDyn) and dissipative particle dynamics (DPD), which have been developed 

in the past two decades. The model of polymer molecules used in both mesoscale simulations 

consists of beads with various types of interactions. There are intra-molecular interactions 

between beads of a molecule (Gaussian chain) and the mean field potential for all 

intermolecular interactions. Each bead has a certain component type to represent covalently 

bonded groups of atoms (objects in MD simulations) such as those given by one or a few 

structural units of a polymer chain. Figure 1.7 depicted an example of 

dimyristoylphosphatidylcholine (DMPC) with the mesoscale and the MD models. Compared 

with MD simulation, these mesoscale methods employ soft interaction potentials, as a natural 

consequence of the coarse-grained representation, allowing the length and time scales extend 

by many orders of magnitude.  

 22



 
Figure 1.7 Comparison of the moleculare models in the mesoscale 

simulation (left) and the MD simulation (right) with the 

 

MesoDyn is based on the dynam

the dyn

example of dimyristoylphosphatidylcholine (DMPC) which is 
coarse grained using 13 beads to represent the 118 atoms. This 
picture was drawn by Nielsen et al.28  

ic mean field density functional theory to calculate 

amics of mesoscale morphology in a variety of block polymer mixtures and solutions, 

including charged systems and solid-liquid. The phase separation dynamics are expressed as 

the polymer diffusion with Langevin-type equations and the thermal fluctuations with an 

additive noise know as the random force. This method was reported with success to the 

aqueous solutions of PEO-PPO-PEO triblock copolymers.39-43 In the DPD method, the beads 

are driven by conservative, dissipative, and random forces calculated for pairs of neighboring 

beads. The time evolution of the system is to numerically integrate Newton’s equations of 

motion. This DPD method is able to correctly descript the Navier-Stokes hydrodynamic 

behavior.44, 45 MesoDyn was selected as the tools in this work to study the mesoscale 

simulations, because there are a number of papers published with this method and we can 
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compare our results with other works.28, 39, 40, 42, 43, 46-51 

In MesoDyn, the free energy (F) of a multiple-component liquid is a function of the 

local de

ρρρ compcoh FF ++          (1.14) 

where denotes the ideal free energy,  

nergy s can be derived. The mean-field 

intrinsi

nsity (ρ).  

)(ρ idFF = )()()(

idF  cohF  represent the cohesive interactions with

Gaussian kernels, and compF refers to the com sibility 

From the free e , all thermodynamic function

pres

c chemical potentials (µI) are obtained with the functional differentiation of the free 

energy as follows: 

)( FrI )()( rIρμ ρ∂              (1.15) 

If equilibrium is reach

∂=

ed, )(rIμ =constant, which leads to the self-consistent field 

equatio  modns for the mean-field bead el. Generally, there are many solutions of these 

equations, one of which is with the lowest free energy. The dynamics of the system includes 

the diffusions in the component densities and the Gaussian noise in the system, which is 

described by a set of functional Langevin equations.40 The following functional Langevin 

equations for the diffusive dynamics of the density fields are depicted as follows: 

[ ] ημμρρ
ρ

+−∇∇=
∂ I Mv           
∂ JIJIt

(1.16) 

[ ] ημμρρ
ρ

−−∇∇=
∂
∂

IJJI
J Mv

t
          (1.17) 
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The distribution of the Gauss  

fluctuation-dissipation theorem (Equation 1.18) and the time integration of the Langevin 

equations resulting in the density fields with Boltzmann distributions (Equation 1.19): 

ian noise, η, is restricted by two conditions: the

0),( =trη                (1.18) 

')'()'()' rJIr rrttt ∇−×∇−−= ρρδδ
β

     (1.19) 2,'(),( Mvrtr ηη

where M is a bead mobility parameter and v is the avera  

coefficient,

ge bead volume. The kinetic

JIMv ρρ , indicates a local exchange mechanism. The Langevin equations are 

constrained for an incompressible system with the dynamic condition: 

v
1trtr JI ),(),( =+ ρρ              (1.20) 

The parameters in MesoDyn simulations, the Flory-Huggins interaction parameter 

relative to )(rIμ and the Gaussian chain topological parameter relative to segment sizes and 

bead types, will be discussed in Section 1 of Chapter 6. 

 

4. Summary 

The science of friction and lubrication is attractive to both industrial and academic 

research generation by generation. The study scale on this issue varies from macro scale of 

Amontons’ friction law to micro scale. In the past decades, the great interest in the area has 

been further focused to the nanoscale, with a term of so-called nanotribology. A great deal of 

experimental and theoretical work has been done at micro and nanoscales with modern 
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instruments, such as SFA, QCM, LFM etc. However, friction and lubrication are still of 

mystery at atomic levels because it is technically difficult to observe what happens at a 

solid-liquid interface during sliding with existing experimental tools. However, a 

computational simulation approach opens an opportunity to predict and analyze interfacial 

phenomena, such as the adsorption, contact angle, interaction, friction and morphologies of 

polymer-surface systems at both nanoscale and mesoscale. This chapter described and 

discussed some critical technical issues of simulations, such as focefield, minimizer, 

integrator, controlling methods of temperature and periodic boundary conditions. MD 

simulations and MesoDyn method are proposed on a comprehensive study on the lubrication 

of fibers from nanoscale to mesoscale.  

The following chapters focus on lubrication models for fiber surfaces. In Chapter 2, 

fiber surface models are successfully built and they are the confined amorphous polymeric 

layers with appropriate densities, cohesive energies, solubility parameters, volumetric 

thermal expansions and contact angles. Especially, the confined amorphous cellulose layer 

has not been found in published works. Chapter 3 predicts several properties of polymeric 

lubricants by the topology method. The lubricants are PAG diblock copolymers and triblock 

copolymers equivalent to commercial products of DOW and BASF. Chapter 4 calculates 

interaction energies between PAG block polymers and fiber surfaces. In Chapter 5, 

complicated polymer-water-surface (PWS) systems are constructed where a single PAG 
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block copolymer molecule is set in water on hydrophilic or hydrophobic surfaces. A novel 

method, PWS interaction calculation, is proposed to calculate the interaction between the 

single PAG polymer and the PP or cellulose surface with the presence of water. The results 

of interaction energies are in agreement of the simulation configuration and experimental 

works from our coworkers. Chapter 6 focuses on mesoscale simulation of PAG triblock 

copolymer solution, in which three conditions, bulk, confined layer and shear, are studied. 

Finally, future work is discussed in Chapter 7. 
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Chapter 2 

Molecular Modeling of Amorphous Fiber Surfaces 
 

Abstract 

Fiber surfaces are soft and deformable. It is interesting and challenging to study 
interface properties in MD simulations. Polypropylene (PP) and cellulose are two of 
the most commonly used materials to make fibers. PP and cellulose confined 
amorphous surface layers are built successfully, and the physical properties are 
inspected in MD simulations, such as the density, cohesive energy, volumetric 
thermal expansion, and contact angle of the surfaces. The xenon crystal is a soft 
confining boundary to compact polymers. When the contact angle is discussed, a 
water nano-droplet is created on the PP and cellulose surfaces. The shape of the nano-
droplet is found spreading on the cellulose surface, and no significant change is 
observed on the PP surface. The contact angles of PP and cellulose surfaces are 106° 
and 33°, respectively. The results prove that the PP surface is hydrophobic while the 
cellulose surface is hydrophilic, which is in agreement with previous experimental 
values. 

 
 
 
1. Introduction 

By 1980 there was a great deal of research done on the physical structures and 

properties of textile fibers. A semi-crystalline structure (a mixture of crystal and amorphous 

structure) was proposed for most textile synthetic fibers, such as cellulose (Lyocell and 

Rayon), polypropylene (PP), polyethylene (PE), polyethylene tephthalate (PET), and 

polyamide (nylon 6 and nylon 6,6). Although crystallization has been discovered in synthetic 

fiber production and is vital to the strength of a spinnable fiber, the amorphous regions in 

synthetic fibers contribute to the fiber properties of dying, finishing, softness, and 

particularly to surface friction and shear strength, which are very important in textile 

processes due to interfacial friction of fiber-to-fiber and fiber-to-metal contacts in textile 

processing. Besides industrial manufacturing, the amorphous structure has been found to 
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form in film-forming experiments, such as spin coating. Spin coating creates thin films, with 

thicknesses ranging from a few nanometers to about a micrometer. The differences in the 

interfacial properties of thin films from the properties of the bulk fluid are critical to the layer 

formation. Song1 produced PP, PE, PET and cellulose thin films to study absorption and 

found that the thin films made by spin coating were in the amorphous state. Studying thin 

films created by spin-coating is an alternating approach to probe fibers’ surface properties at 

a microscale (1-100 µm) or nanoscale (1-1000 nm). The techniques often used are SFA2-4, 

LFM5-10, and QCM11-15. However, little has been done at a molecular level (0.1-10 nm) 

toward understanding the behaviors of amorphous surfaces mainly due to the limitation of 

experimental apparatuses. MD simulations provide a capability of probing surface properties 

of textiles. 

In order to apply MD in the study of polymer surface properties, the primary step is to 

create a polymer surface. In general, fiber surfaces or polymer films are more or less 

amorphous. An amorphous polymer surface used in MD is desirable. The ideal situation is to 

use a large number of chains. However, the requested calculation scales with the square of 

the atomic number of a system. It is necessary to simulate a larger system with a small 

periodic lattice. Several methods have been adapted to create cellulose surfaces. Theodorou 

and Suter16 developed a method of building amorphous cells in 1986, which allowed them to 

build a 3-D periodic cell but not a surface. They simulated the amorphous state of 

polypropylene using single chain conformations that were growing within a periodic box. 

Periodic boundary conditions of the unit cell provided a means of forming a space-filling 

structure starting from a single chain conformation. The presence of periodic replicates of 
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parent chains contributed a simple and elegant way to introduce intermolecular interactions 

without increasing the number of atoms necessary to create the solid state.  

Kavassalis et al.17 compared results derived from a single chain to those derived from 

multiple chains and found the errors from the amount of chains quite acceptable given the 

other error sources. In Kavassalis’ work, the models of amorphous liquid state were 

represented by a single molecule in a periodic cell. The solubility parameters estimated from 

the models were in good agreement with those values derived from models having eight NPE 

molecules packed into a cell with the exclusion of the electrostatic interactions, which are the 

most sensitive to system size effects. Choi et al.18 continued Kavassalis’ work to build 

amorphous layers of (hydroxyethyl) cellulose (HEC) and (hydroxypropy1) cellulose (HPC), 

which are the most commonly used celluloses. Kela et al.19 also built (2 0 0) crystalline 

cellulose surface with five linear (twenty-glucose-unit-long) glucose arrays. In another paper, 

Chauve et al.20 constructed (1 1 0) cellulose Iβ surfaces with the initial monoclinic unit cell of 

two chains by Cerius2 software. The advantage of using crystalline cellulose in MD 

simulations is the surface flatness, while the surface properties may be discrepant from the 

cellulose surfaces made by the spin-coating experiments due to the surface roughness and the 

freedom of molecules on upper layers. Chen et al.21, 22 developed a cellulose cell in 

amorphous state with Cerius2 package from Accelrys. The model contained only one 

cellulose chain consisting of 20 cellobiose repeat units (843 atoms), which were set in a 

relaxant state by molecular mechanics. The initial conformation of the cellulose chain in each 

model was generated using a Monte Carlo method with a 20×20×20 Å cubic cell. Periodic 

boundary conditions were applied to their model, with an initial density of 1.40 g/cm3. 
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Derecskei and Derecskei-Kovacs23 also built oligomer cellulose cells. The densities and 

solubility parameters were found to change linearly with the degree of polymerization (from 

monomers to dodecamers). Although the periodic cell of amorphous cellulose has been 

intensively developed and studied, molecular models of cellulose surfaces have not been 

found in the literature.  

As for other polymers, such as polypropylene (PP), polyethylene (PE) and nylon 6,6, 

crystalline substrates are commonly used in the literature. Misra et al.24 stated that the 

amorphous polybutadiene thin film was modeled by arbitrarily elongating one of the periodic 

boundary conditions to a long coordinate and equilibrate it with the NVT ensemble. With the 

same method in MD simulations, Natarajan et al.25 built a thin film with styrene-butadiene 

compolymer, He et al.26 built with polyethylene, and Clancy and Mattice27 built with several 

variations of polyolefin. With their results, the drawbacks of Misra’s method were obvious at: 

(1) high and uncontrollable roughness, (2) non-uniform density normally, (3) the high surface 

energy. It could be the reason of these drawbacks that polymers are not confined after 

arbitrarily elongating one dimension.  

Hirvi et al.28 used the confined condition to build polyethylene (PE) and poly-vinyl 

chloride (PVC) amorphous substrates for studying the contact angles. Simulations were 

started using the same method for creating initial structures for bulk simulations. Twenty-

four PE molecules or sixteen PVC molecules compose a simulation system with lateral 

dimensions of 78 Å. Hirvi et al.’s work did little further study on the physical properties of 

amorphous substrates. Prathab et al.29 modeled poly(methyl methacrylate) (PMMA) film 

with only one molecule under the confined condition, but little modeling details were 
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provided. The essential approach of Hirvi et al.28 and Prathab et al.29 was to add a pair of 

visible hard surfaces on the confined dimension. The hard surfaces can arbitrarily rebound 

atoms back to the system lattice if these atoms move close to them. This method works fairly 

well with the polymers with soft linear chains, such PE, PVC and PMMA.28, 29 However the 

cellulose molecule is difficult to compress with hard surfaces because the atoms crash when 

glucose rings are folded at the confined border. The key point to solve this failure is to avoid 

folding the glucose rings with a low density. 

In our work, fiber surfaces were made of polymers by MD simulation using confined 

layer condition. This chapter aims to build cellulose as well as PP substrates and calculate the 

physical properties of each substrate.  

 

2. Simulation method 

The MD modeling was performed by two modules of Materials Studio 4.1 software 

from Accelrys, San Diego, CA, USA. The MD calculation module was Discover with the 

COMPASS force field. Amorphous Cell was used to build primary layers and run dynamics 

and analyses processing. All work was done on the Dell® SC1420 workstation with 

Windows® server 2003, double Intel® Xeon™ 2.8GHz CPUs, and 4 GB memory. 

 

2.1 Models of building confined amorphous layer models 

2.2.1 Repeat units 

The structures of the cellulose and PP repeat units, 1,4-βD glucose and propylene, 

were provided by the library of Materials Studio 4.1 software and are depicted in Figure 2.1. 

 36



The atom properties were defined by the COMPASS force filed.  

 

 

(b)(a) 

Figure 2.1. Repeat units for building polymer (fiber) substrates (a) 1,4-βD 
glucose, (b) propylene. (Atom colors: carbon atoms—grey, 
hydrogen—white, and oxygen—red; the head atom is circled by 
cyan, and the tail atom is circled by magenta). 

 

2.2.2 Build molecules 

 

(a) 

(b) 

Figure 2.2. Polymer molecules: (a) Cellulose, and (b) Polypropylene (PP). 
The end-to-end distance of the cellulose molecule with 8 repeat 
units is 42.5 Å. The end-to-end distance of the PP molecule 
with 30 repeat units is 76.7 Å. Atom colors are set the same as 
Figure 2.1. 

 
 

The cellulose molecule was built with 8 repeat units (1,4-βD glucose) under a head-

to-tail orientation and isotactic tacticity (see Figure 2.2(a)). Then, thirty repeat units 

(propylene) were employed to construct the PP molecule with the same conditions (see 

Figure 2.2(b)). The end-to-end distances of cellulose and PP molecules are 42.5 Å and 76.7 

Å in vacuum after 5000 femtosecond (fs) minimization.  
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2.2.3 Build the polymeric confined amorphous unit layers 

This step aimed to build the unit layer with which we could expand a large layer if 

required. With Amorphous Cell®, the polymer molecules were packed into a confined layer 

or a periodic cell. The confined layer was used as a cell to build the thin substrate of 

polymers. The temperature was defaulted as 298K, and the time step was always 1 fs. The 

COMPASS force field was used with the group-based cutoffs.  

To build the amorphous polymer surface, it is necessary to find the confining surface. 

The ideal confining surface should be ultra-flat and uniform, with small interaction to 

polymers, square facet and solid at a target temperature. However there is not such a solid 

material in reality. Fortunately, xenon crystals, fixed their atom fractional positions, are ultra-

flat and uniform crystals with inert properties, individual spheres, and fractional positions 

fixed as solid at 298 K. This confining reference was a highlight point to build the confined 

polymeric amorphous layer. So xenon crystals were the perfect confining reference due to the 

inert character, the flat crystal slice, and the solid state at the room temperature.  

(1) The PP confined unit layer: 

The PP molecular chain is too soft to be compacted, because it does not have a ring, 

long side group, or double bond in the chain. Three PP molecules were first built in the 

confined layer directly by Amorphous Cell® with a density of 0.822 g/cm3. It is shown in 

Figure 2.3(a). The side lengths of X and Y of the PP layer were defined as identical with the 

reference of a xenon crystal. Other parameters kept constant as default values of Materials 

Studio software. Then the PP unit layer was inserted between two xenon crystal substrates 
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which were defined as “Fix Fractional Position”. The fractional XYZ position property in the 

fractional space of the lattice was kept constant for the selected atoms. A 50Å-thick vacuum 

space was left on the top and covered the rest of layers in order to diminish the z-axis-

direction periodic interruption. The xenon-PP-xenon layer is shown in Figure 2.3(b). Next, 

the NVT dynamics ensemble was enforced with equilibrium time of 5 picoseconds (ps) and 

dynamics time of 1 nanosecond (ns). The final frame is shown in Figure 2.3(c). Finally, the 

vacuum space and two xenon crystals were cropped off by cell building in Materials Studio. 

The PP unit confined layer is shown in Figure 2.3(d), which is periodic in the XY plane and 

confined in the Z direction. 

 

   

(a) (b) (c) (d) 

 
Figure 2.3 The procedures of building PP confined layer. (a) The PP 

original confined layer: 16.7×16.7×27.6 Å. (b) The original 
xenon-PP-xenon cell: 16.7×16.7×90.6 Å. (c) The xenon-PP-
xenon cell after the dynamics procedure. (d) The PP confined 
unit layer: 16.7×16.7×26.0 Å. Xenon atoms are colored by cyan. 
Other atom colors are set the same as Figure 2.1. 

 

(2) The cellulose confined unit layer: 

The initial densities of cellulose were defined as 0.5 g/cm3 which specified the target 

density in the first step to build layers. Six cellulose molecules were packed to form a 

cellulose substrate. The NPT dynamics parameters used in the step have a temperature of 298 

K, an equilibration time of 10 ps, a pressure of 0.0001 GPa, a time step of 1 fs and a dynamic 
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time of 1ns. The original layer is shown in Figure 2.4(a). Then a sandwich layer, xenon-

cellulose-xenon, was built as shown in Figure 2.4(b). The vacuum space was not necessary 

for cellulose because the next step was involved in NPT ensemble and the volume was 

variable. There were two dynamics processes in the third step, 1 ns of NPT with 0.0001 GPa 

(approximately equal to 1 atm) and 500 ps of NVT dynamics procedures. Additional 

parameters were the same as the method used for PP. The final dynamics frame is shown in 

Figure 2.4(c). The last step was the same as the pervious method of building the PP layer, 

and the cellulose confined unit layer is shown in Figure 2.4(d). 

 

 

(a) (b) (c) (d) 

 
Figure 2.4 The procedures of building cellulose confined layer. (a) The 

cellulose original confined layer: 23.6×23.6×46.3 Å. (b) The 
original xenon-cellulose-xenon cell: 23.6×23.6×63.0 Å. (c) The 
xenon-cellulose-xenon cell after the dynamics procedure: 
16.7×16.7×44.4 Å. (d) The cellulose confined unit layer: 
16.7×16.7×31.5 Å. Xenon atoms are colored by cyan. Other 
atom colors are set the same as Figure 2.1. 

 

2.2.4 Super layer construction 

 Due to the periodic border in the XY plane, the unit confined layer was expanded to a 

super layer in the X and Y directions. The super layer had X and Y lattice vectors which 

were integral multiples of their equivalents in the original unit. The Z direction was confined 

and not expandable.    
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(a) (b) 

 

(c) (d) 

Figure 2.5 The PP and cellulose confined amorphous layers. (a) The PP 
super layer (4×unit layers): 33.3×33.3×26.0 Å. (b) The 
cellulose super layer (4×unit layers): 33.3×33.3×32.3 Å. (c) The 
PP super layer (8×unit layers): 66.6×66.6×26.0 Å. (d) The 
cellulose super layer (8×unit layers): 66.6×66.6×32.3 Å. 

 

 

The expansions were implemented by “Build—Symmetry—Supercell” in Materials 

Studio 4.1. The expansion multiples of OA (X) and OB (Y) were selected as 2 and OC (Z) is 

kept as 1. Then new super layers were created to have a surface area four times larger than 

 41



the unit layers. These new super layers are shown in Figure 2.5(a) and (b) and can be used in 

the property analysis, except for contact angle (CA). The lager surfaces were required for 

creating contact angle models. The larger CA layers were constructed by repeating above 

expansions on the last super layers whose surface areas were eight times of the unit layers, as 

shown in 2.5(c) and (d).   

 

2.2.5 Contact angle (CA) models 

 Firstly, 500 water molecules were built into a periodic cube with the density at 1 

g/cm3 using Amorphous Cell®, shown in Figure 2.6(a). The cubic lattice was then removed 

to cancel the periodic condition and the cube was separated from bulk (see Figure 2.6(b)). 

500 ps NVT dynamics procedure was executed and a water cube became a water nano-

droplet in the ball shape shown in Figure 2.6(c).  

 

 

(a) (b) (c) 

Figure 2.6 The steps of building the round water droplet. There are 500 
water molecules involved. (a) The original periodic water cube: 
24.6×24.6×24.6 Å. (b) The water cube without the periodic 
lattice. (c) The round water nano-droplet. Its diameter is 
approximately 32 Å. 
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 The contact angle models were built by adding a 100Å-thick vacuum space on the 

confined layers shown in Figure 2.6(c), followed by setting of the above water nano-droplet 

on the confined layers by moving tools of Materials Studio 4.1, as shown in Figure 2.7. 

 

  

(a) (b) 

 
Figure 2.7 The contact angle models. (a) A water nano-droplet on the PP 

surface. (b) A water nano-droplet on the cellulose surface. 
 

 

 

2.2 Model property calculations 

2.2.1 Cohesive energy density (CED) and solubility parameter 

 CED indicates the energy that breaks all intermolecular physical links in a unit 

volume of a material. In polymer materials the physical links includes van der Waals force, 

Coulomb force and hydrogen bonding. The earliest understanding of CED was involved in 

the vaporization of liquid as seen in the following equation:30 

mV
RTHCED −Δ

=         (2.1) 

where ΔH represents the heat of vaporization, R denotes the gas constant, T refers to 

temperature, and Vm is the molar volume. 
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When CED is calculated for a simulated polymer, the total energy, the intermolecular 

energy and the intramolecular energy can be defined by the COMPASS force field. Eichinger 

et al.31 compared the CED simulation results with the experimental values and claimed that 

the simulation value was usually higher than the experimental ones.  Due to the cutoff when 

calculating interaction between atoms or groups, the truncation effect of the non-bond 

potential by using periodic boundaries has to be taken into account. Hence, the cohesive 

energy is given by adding tails, such as an ensemble average of the quantity. The CED 

equation of MD simulation can be expressed as follows: 

m

tailintratotal

V
EEE

CED
)(δ+−

=       (2.2) 

where Etotal represents the total energy, Eintra denotes the intramolecular energy, Etail refers to 

the tail energy of the cutoff truncation, and Vm is the molar volume.  

CED is such a fundamental property of a polymer that many properties can be 

predicted from CED. CED is most often used to calculate the solubility parameter. In 1919 

Joel H. Hildebrand32 proposed the concept of solubility indicating the solvency behavior of a 

specific solvent. The solubility parameter (δ) is derived from CED as follows: 

CED=δ          (2.3) 

 In addition to CED, the solubility parameter (δ) indicates the solvent-solute 

interactions that are strong enough to separate solvent-solvent molecules and solute-solute 

molecules in order to minimize the Gibbs free energy of the entire system.  

 All CED calculations were carried on with the analysis function of Materials Studio 

4.1 from Accelrys Software Inc. The PP and cellulose layers shown in Figure 2.5 (a) and (b) 
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were used in CED analysis. 

 

2.2.2 Stepwise temperature procedure (NPT)  

 The stepwise temperature protocol is implemented by the Temperature Cycle protocol, 

a function of Amorphous Cell®. The procedure performs a stepwise, constant pressure 

molecular dynamics heating and/or cooling process to investigate thermal expansion, 

constant pressure heat capacity, and the so-called 'molecular dynamics glass transition'.  

 The parameters of stepwise temperature protocol used in this work are as follows: 

pressure—0.0001 GPa, lower temperature—200 K, upper temperature—800 K, number of 

temperature stage—5, stage duration—50000 fs, starting temperature—298 K, average 

period—2000 fs and number of half cycles—1. Other dynamics parameters are the default 

values as above. 

 

2.2.3 Contact angle 

 Contact angle is the angle at which a liquid/vapor interface meets a solid surface.33 

The contact angle is specific for any given system and is determined by the interactions 

across the three interfaces34, 35. The contact angle is usually used to characterize the 

hydrophilic/hydrophobic properties of solid surfaces.  

 In the contact angle models built previously, NVT dynamics time was 1ns for both 

models. The temperature and the time step were the defaults. 
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3. Results and discussion 

3.1 Density and weight distribution 

 The final density of the PP and cellulose confined amorphous layers were 0.873 

g/cm3 and 1.446 g/cm3 respectively. The value of 0.873 g/cm3 for PP is exactly within the 

range between 0.855 g/cm3 of amorphous and 0.946 g/cm3 of crystalline36. Therefore, the PP 

layer built at the density of 0.873 g/cm3 is quite close to the experimental values. The density 

of the cellulose amorphous layers was the result of the dynamic procedure with the 

COMPASS force field. It was lower than the density of crystal cellulose, 1.599 g/cm3 from 

Sun’s work37.  Sun37 also stated that the true density of cellulose fell in the range of 1.40 and 

1.47 g/cm3. Mazeau and Heux38 simulated crystalline and amorphous cellulose layers and 

obtained a average density of 1.3762 g/cm3 using the PCFF force field. Chen et al.21, 22 found 

the density of their amorphous periodic cellulose cell was 1.385 g/cm3. Derecskei and 

Derecskei-Kovacs23 addressed that their oligomer cellulose model had the density of 1.42 

g/cm3. Our value of the amorphous cellulose layer was valid when compared to the values in 

the literature. 
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Figure 2.8 The weight distribution of PP and cellulose confined amorphous 

layers.  
 
 
 
 
 

 The weight distribution of PP and cellulose confined amorphous layers are shown in 

Figure 2.8. There are 100 slices in each X, Y and Z direction. The weight distributions of 

both PP and cellulose layers are slightly oscillating but still quite stable at 1% in the X and Y 

directions. Therefore, the PP and cellulose confined layers are uniform in the XY plane. The 

first and final values at the Z axis are equal to zero which corresponds to the weight at the top 

and bottom of the surface. They display boundary confined conditions for the surfaces. The 

rough ranges of the confined surfaces are only of about 1-2 Å and so the surfaces are ultra 
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flat. The uniformity of the amorphous layers is one of advantages of using the xenon crystal 

in MD. 

 

3.2 Cohesive energy density (CED) 

 The CEDs of the PP and cellulose layers are listed in Table 2.1. The average CEDs of 

the PP and cellulose confined layers are 2.1E+08 and 4.9E+08 J/m3 respectively. Apparently, 

the cellulose has a stronger intermolecular force than the PP in a specified volume. As for the 

PP confined layers, the van der Waals CED is much higher than the electrostatic CED.  

 
Table 2.1 CED and solubility parameters of cellulose and PP layers 

PP Cellulose  Average Std. Dev Average Std. Dev 
Cohesive Energy Density (J/m3) 2.110E+08 1.863E+06 4.905E+08 7.386E+06 
      - Electrostatic (J/m3) 1.484E+05 3.795E+04 4.463E+08 5.503E+06 
      - van der Waals (J/m3) 2.108E+08 1.876E+06 4.428E+07 7.028E+06 
Solubility Parameter ((J/cm3)0.5) 14.52 0.064 22.15 0.167 

 - Electrostatic ((J/cm3)0.5) 0.38 0.054 21.12 0.130 
 - van der Waals ((J/cm3)0.5) 14.52 0.065 6.63 0.535 

 
 

Therefore, the van der Waals interactions contribute most to PP intermolecular 

interactions while the electrostatic interaction does little. On the other hand, there is a 

different trend for the cellulose layers. The van der Waals interaction is nearly one tenth of 

the electrostatic interaction. The electrostatic intermolecular interaction (including hydrogen 

bonding interaction) plays a primary role in the cellulose layers.  

It is previously discussed that the solubility parameter is a function of CED (see 

Equation 2.3). However, the solubility parameter has been studied more in the literatures23, 30. 

The solubility parameters from references are listed in Table 2.2. The solubility parameters 
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from the literature are for bulk polymers. The solubility parameters derived from our work 

are usually lower than that of bulk polymers, whether obtained from the experimental or the 

simulation. The reason for the difference might be caused by two factors. The first is referred 

to as the confined condition. The materials of the confined layers are not continuous in the 

confined direction. Therefore, the CED of the confined layer is lower than the bulk material. 

A low CED means the low solubility parameter. The other factor might be because the 

amorphous layers are built from the oligomers due to the limitation of MD simulation. The 

PP and cellulose layers used in experiments are semi-crystalline and made of 

macromolecules with high molecular weight. Oligomers have higher freedom than 

macromolecules and so the solubility parameter of oligomers is lower than that of 

macromolecules. The solubility parameters of confined layers are normal if the former factor 

plays a larger role. 

 
Table 2.2  PP and cellulose solubility parameters 

Solubility Parameter ((J/cm3)0.5) 
PP Cellulose 

Our value Reference Our value Reference 
14.52 16.8-18.8 10 22.15 23.5-28   8

 16.8, 16.1 10 31.7, 34.8  10

 16.19-19.26 39 34.81 ♠
 16.06 ♠   

♠ The values are calculated by the topology method which is explained in 
Chapter 3. 

 
 

However, this assumption can not be proven, therefore it is not sure that the latter 

factor should not be omitted. Otherwise, the latter factor could particularly influence other 

properties derived from the solubility parameter and CED, even though our values of PP and 

cellulose solubility parameters are slightly lower than the references. The freedom of the 
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layer atoms can be limited by fixing their fractional position, a method which was also used 

by Kulmi and Basu40, Chen41, Prathab29, Olgun and Kalyon42. The surface properties of the 

confined amorphous layers under fixed atom positions will be discussed by studying contact 

angle in section 3.4. 

 

3.3 Volumetric thermal expansion of PP and cellulose amorphous layers 

 Figure 2.9 displays volumetric thermal expansion of PP and cellulose amorphous 

layers obtained from the stepwise temperature procedures. In order to investigate a wide 

range of the thermal expansion, we defined the upper temperature at 800 K which is much 

higher than the thermal decomposition temperature. The thermal decompositions involve the 

valence bond breaking which is beyond MD simulation and so are not shown in Figure 2.7.  

As for the PP layer, the thermal volume is nearly linear with increasing temperature. The last 

temperature is quite high so that is ignored. The fitting line for volumetric thermal expansion 

in the case of the PP is y=13.91x+25757.7, with a coefficient of volumetric thermal 

expansion of PP amorphous layers of 13.91 Å3/K. The linearity of the volumetric thermal 

expansion indicates that the PP confined layer is amorphous.  
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Figure 2.9 Volumetric thermal expansions of PP and cellulose amorphous 
layers.  

 
 

 The volumetric thermal expansion for cellulose surfaces is not linear and the fit line is 

divided into two parts with different slopes as shown in Figure 2.9. The intersection point is 

at (419, 36749), which indicates a phase transition at 419K. The phase transition is most 

likely the glass transition. The coefficient of volumetric thermal expansion is 4.68 Å3/K 

below 419K and 12.77 Å3/K above 419K, respectively.  The cellulose confined layer was 

built with the 1,4-βD glucose oligomers and there was no crystal in the structure. The reason 

proposed for the transition is that some of hydrogen bonds between cellulose chains are 

broken at 419 K.  
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3.4 Contact angles 

Contact angle is essentially sensitive to the surface energy of a material, and can aid 

in the study of other surface properties of the confined amorphous layers. Figure 2.10 shows 

the evolution of contact angle on the PP and cellulose confined amorphous surfaces during a 

dynamic process. 

    

100ps                         200ps                         300ps                         400ps                         500ps 

 

    

600ps                         700ps                         800ps                         900ps                             1ns 

 
(a) The dynamic process of water nano-droplet on the PP surface 

    

100ps                         200ps                         300ps                         400ps                         500ps 

 

    

600ps                         700ps                         800ps                         900ps                             1ns 

 
(b) The dynamic process of water nano-droplet on the cellulose surface 

 
Figure 2.10 The dynamic process of contact angle models with PP and 

cellulose surfaces.   
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The water nano-droplet on a PP surface reaches systemic equilibrium in around 400 

ps and the shape dose not significantly change. In contrast, the shape of the water nano-

droplet on a cellulose surface keeps spreading out and does not become stable until 700 ps. 

The good wetability of the cellulose is in a good agreement with the fact that cellulose is 

hydrophilic. However, there is no wetting phenomenon on the PP surface due to its high 

hydrophobicity. Although it takes a period of time (400 ps) to reach equilibrium on the PP 

surface, the change in shape is negligible. The droplet on the cellulose surface takes a longer 

amount of time to reach equilibrium during the wetting. Also some water molecules can 

diffuse into the cellulose surface, possibly entering intermolecular spaces within the 

amorphous structure.  

 The distribution of water molecules on the PP and cellulose surfaces are shown in 

Figure 2.11. The water nano-droplet on the PP surface is fairly symmetric in the XYZ system. 

In the Z axis direction, most of water molecules are located to the right side of the dashed 

line which is defined as the boundary of the PP layer. Very few water molecules diffuse into 

the PP amorphous surface. The distribution of the water nano-droplet in the X and Y 

direction on the cellulose surface are asymmetric. This is possibly because the intermolecular 

space is randomly distributed in the amorphous layer and consequently, the water molecules 

randomly penetrate the layer. However, the symmetry in the Z direction corresponds to the 

shape of the droplet on the cellulose surface. In the Z axis direction, the water molecules are 

distributed well close to the cellulose surface, due to its hydrophilicity. The distribution 

curves clearly demonstrate the shape of a water nano-droplet on either the PP or cellulose 

surface. 
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(b) 

Figure 2.11 The final distribution sketches of water molecules in the lattice. 
(a) CA model of PP. (b) CA model of cellulose. The final 
frames are used. The dash lines are the solid surface positions 
of PP and cellulose respectively. 

 
 

 However, the distribution can not provide the contact angle directly. The following 

equations are employed to obtain the information of the water droplet shape: 

zrVm Δ∗∗∗=∗=Δ 2πρρ        (2.4) 

and   
z
mr
Δ
Δ

∗
∗

=
πρ

1         (2.5) 

where r is the radius of the water droplet, ρ is the water density assumed as 1 g/cm3, and 
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Δm/Δz is the weight distribution on the Z axis. The shape of the water nano-droplet can be 

drawn with r and z, as shown in Figure 2.12.  
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Figure 2.12 The final shape of water nano-droplet on the PP and cellulose 

surfaces. The final frames are used. The dash lines are the solid 
surface positions of PP and cellulose respectively. The black 
solid lines are the tangent line of the shape.  

 
   

Contact angle values were determined by the tangent line of the shapes. The CA 

values of PP and cellulose surfaces are 106±4° and 33±3°, respectively. They are in a good 

agreement with the experimental results of 102.9±1.7° and 28.6±3.4° for PP and cellulose 

thin film, respectively, made from the spin-coating method by Song.1 The agreement between 
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the experimental and modeled values first shows that the technique of fixing fractional 

position in MD is feasible, and also validates the simulation of the solid surfaces with 

oligomers. 

 

4. Conclusion 

The amorphous materials were successfully modeled in 1986, but little work involved 

in amorphous surfaces. Most of the surfaces reported in the literature are crystal or metal, 

which are hard surfaces. However, fiber surfaces are soft and deformable. It is interesting and 

challenging to study interface properties in MD simulations. Polypropylene (PP) and 

cellulose are two of the most commonly used materials to make fibers. PP and cellulose 

confined amorphous surface layers are built successfully. And the physical properties are 

inspected using MD simulations, such as the density, cohesive energy, volumetric thermal 

expansion, and contact angle of the surfaces. The xenon crystal is the key to compact 

polymers. A water nano-droplet is created on the PP and cellulose surfaces to investigate the 

contact angles. The shape of the nano-droplet spreads on the cellulose surfaces, and there is 

not a significant change in the dimension of the water nano-droplet on the PP surface. The 

contact angles of PP and cellulose surfaces are 106° and 33°, respectively. The results prove 

that the PP surface is hydrophobic while the cellulose surface is hydrophilic, which is 

agreement with previous experimental values. 
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Chapter 3 

The Structure-property Correlations of PAG Block 
Copolymer Properties Predicted by Topological Method 
 
 

Abstract 

The topological method of studying structure-property correlations is a simple, quick 
and valid simulation approach, which can predict physical and chemical properties of 
polymers from their molecular structures. Two series of PAG block copolymers are 
selected to be used as lubricants on surfaces: RPnEm diblock copolymers and 
EmPnEm triblock copolymers. The calculated values of density are higher than the 
experimental values provided by manufacturers. The zero shear viscosities of PAG 
block copolymers are linear as a function of molecular weight for those copolymers 
containing the same hydrophobic weight ratio. The shear modulus of RPnEm 
polymers decreases nonlinearly with the molecular weight due to the presence of 
butyl group, while EmPnEm polymers have the nearly identical shear modulus for the 
copolymers containing the same hydrophobic segment ratio. The cohesive energies of 
PAG block copolymers increase linearly with molecular weight as well. The 
solubility of the copolymers is a function of the cohesive energy divided by the molar 
weight. There is not a significant difference in the solubility parameter of the 
copolymers with the same hydrophobic segment ratio. The PAG block copolymers 
with 25% hydrophobic segments show the highest solubility parameter and the RPn 
polymers illustrate the lowest solubility parameter.  

 
 
 
 
1. Introduction 

Poly(alkylene glycol) (PAG)-based block copolymers are widely used as detergents, 

emulsifiers, dispersing agents and lubricants in medicine, cosmetic, food, metal and textile 

proc.1-5 The poly(ethylene oxide) (PEO) sections are hydrophilic6, 7 while the poly(proplene 

oxide) (PPO) sections are hydrophobic. Therefore the PAG-based block copolymers are 

usually used as amphiphilic non-ionic surfactants, which make PAG-based surfactants 

valuable in the textile industry. Many textile processes, such as dyeing, finishing, and sizing, 
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are sensitive to the pH value, and the excess cationic or anionic surfactants could possibly 

change processing parameters outside of ideal ranges. In addition there is great influence of 

excess ionic surfactants on machinery parts. Non-ionic surfactants can not only overcome the 

drawbacks addressed previously, but they are safe to human skin. It is significant to both 

manufacturing and end end-users in terms of environmental, health, and safety regulations. 

Also, PAG can be manufactured from natural gas with low cost, which is helpful to cut costs 

in the textile supply chain. There are two main brands of PAG-based surfactants in the 

chemical market: UCON® surfactants manufactured by DOW and Pluronic® surfactants 

manufactured by BASF. UCON® is a PPO-PEO diblock copolymers and Pluronic® is a 

PEO-PPO-PEO triblock copolymers, shown in Figure 3.1.  

 
(a) (b)  

Figure 3.1 Chemical structures of (a) UCON® and (b) Pluronic® polymers. 
(R refers to the butyl group) 

 

A great deal of experimental and simulation studies have been carried out on these 

two copolymers. Although the chemical structures of PEO and PPO with the same repeat 

units are similar, except for a methyl group on PPO, their physical properties (e.g. viscosity) 

are quite different due to chain length effects.8 Pereira et al.9 studied the UCON® 50-HB-

5100 in a salt solution and stated that the phase configuration was dependent on temperature, 

and the phases could be inversed by increasing the temperature to change the densities of the 

phases. Olsson et al.10 also studied a mixture of UCON®/dextran/water and agreed that the 

molecular weights of copolymers were key factors that influenced the phase separation. 
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Pluronic® copolymers were also studied in an aqueous solution. Halacheva et al.11 measured  

important parameters, such as the cloud point of Pluronic® copolymers in aqueous solutions. 

The most important discovery of their study was that the interactions of the PPO and 

Poly(glycidol) blocks with water changed in opposite manners of transmittance vs 

temperature curve patterns, which was confirmed with 1H NMR spectroscopy. The 

rheological properties of these copolymer aqueous solutions were also investigated by 

Halacheva.12 The zero shear viscosity was found to decrease with an increase of temperature 

due to the particle size reduction. The storage modulus and loss modulus showed significant 

frequency dependence. A series of Pluronic® co-polymers were investigated for their phase 

morphology by mesoscale simulation methods: EO13PO30EO13 by Fraaije et al.13, 

EO13PO30EO13 and EO19PO33EO19 by van Vlimmeren et al.14, EO26PO40EO26 and 

EO99PO65EO99 by Lam and Goldbeck-Wood15, EO13PO30EO13 by Guo et al.16, 

EO6PO34EO6, EO13PO30EO13 and EO37PO58EO37 by Li et al.17, EO20PO70EO20 by 

Zhao et al.18, EO17PO60EO17, EO19PO43EO19 and EO19PO29EO19 by Yang et al.19.  

PAG-based block copolymers are so popular that many application parameters are well 

defined. However, little has been reported about the fundamental physical properties in a 

comprehensive manner, even from the product specifics of the manufacturers. This chapter 

predicted fundamental physical properties of two PAG-based block copolymers equivalent to 

the commercial products UCON® and Pluronic®, using the topological method to seek 

structure-property correlations. 

The topological method has provided structure-property correlations for bulk, 

amorphous homopolymers and copolymers in view of thermodynamic, mechanical, and 
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transport properties. As opposed to group contributions, which are dependent on the database 

of group parameters, the topological method for structure-property correlations employs 

connectivity indices in the atom correlations and the database of group contributions is not 

required. So far the topological method is developed to predict the properties of the polymers 

that are composed of any combination of the following nine elements: carbon, hydrogen, 

nitrogen, oxygen, silicon, sulfur, fluorine, chlorine, bromine. The method is suitable and 

powerful for predicting the physical properties interested, for the target polymers in this 

paper, PAG-based block copolymers. 

 

2. Simulation method and modeling 

2.1 Topological method for structure-property correlations 

Based on Kier and Hall’s theory of molecular connectivity,20 the topological method 

for structure-property correlations was developed by Bicerano21 in 2002.  

Building the hydrogen-suppressed graph of the molecule is the first step in the 

graphical treatment of molecular properties. A repeat unit is used to represent a molecular 

chain in a consistent manner and also to avoid introducing truncation errors. This procedure 

is illustrated with the example of the repeat unit of PEO, shown in Figure 3.2(a), together 

with the hydrogen-suppressed graph that is obtained in the next step.   
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Figure 3.2 The hydrogen-suppressed graph of a molecular repeat unit, using 

PEO as an example. (a) Valence bond structure of a PEO repeat 
unit. (b) Hydrogen-suppressed graph of a PEO repeat unit. 

 
The bonding and electronic environment of each non-hydrogen atom can be 

represented by two atomic indices, the simple connectivity index (δ) and the valence 

connectivity index (δV). δ is equal to the number of non-hydrogen atoms to which an atom is 

bonded. And δV is defined as:21 

1−−
−

= V
H

V
V

ZZ
NZδ         (3.1) 

where ZV is the number of valence electrons of the atom, NH is the number of hydrogen 

bonded to it, and Z is its atomic number. In this paper, two elements, O and C, are involved. 

The δ and δV values of O and C are shown in Table 3.1. 

 
Table 3.1 The δ and δV values used in the calculation of PAG polymers 21 

Atom Hybridization NH δ δV

3 1 1 
2 2 2 
1 3 3 

sp3

0 4 4 
2 1 2 
1 2 3 

sp2

0 3 4 
1 1 3 

C 

sp 
0 2 4 
1 1 5 sp3

0 2 6 
O 

sp2 0 1 6 
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Then, bond indices can be derived from the atomic indices. Bond indices (β) and (βV) 

are defined as follows.21 

jiij δδβ ⋅=          (3.2) 

And 

V
j

V
i

V
ij δδβ ⋅=          (3.3) 

The values of the atomic and bond indices are obtained as shown in the following 

example using an EO repeat unit (see Figure 3.3). The simple indices δ and β are shown in 

Figure 3.3(a), and the valence indices δV and βV are shown in Figure 3.3(b). 

          
 
Figure 3.3 Illustrations calculating the simple connectivity index (δ) 

and the valence connectivity index (δV). (a) The δ 
values are shown at the vertices and the β values are 
shown along the edges. (b) The δV values are shown at 
the vertices and the βV values are shown along the edges. 

 
All connectivity indices for the polymer chain are obtained and are employed to 

calculate the polymer property parameters. 

Zeroth-order (atomic) connectivity indices 0χ and 0χV for are defined as follows:21 

∑= δ
χ 10          (3.4) 

And 

∑= V

V

δ
χ 10         (3.5) 
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First-order (bond) connectivity indices 1χ and 1χV are defined as follow:21 

∑= β
χ 11          (3.6) 

And  

∑= V
V

β
χ 11         (3.7) 

Extensive properties are correlated directly with the values of χ and depend upon the 

size of the system and increase in direct proportion to the amount of material present, such as 

molar volume, molar heat capacity, and cohesive energy. Intensive properties are essentially 

independent of the amount of materials present. These properties are correlated with values 

of χ scaled by the number (N) of non-hydrogen atoms in the system. These scaled values (ξ) 

are defined as  

N
χξ =          (3.8) 

Thus, two general forms of correlation are used:21 

(Extensive Property)= ∑ + (extensive structural parameters and atomic or group 

correction terms)         (3.9) 

χa

(Intensive Property)= ∑ + (intensive structural parameters and atomic or group 

correction terms) + constant        (3.10) 

ξb

The linear regression coefficients (a and b), correction terms and constant in 

Equations 3.9 and 3.10 are adjustable parameters provided by the simulation module, 

Synthia®, of Materials Studio 4.1. 

All simulation work was performed by two modules of Materials Studio 4.1 software 

from Accelrys, San Diego, CA, USA. The MD calculation module used was Discover with 
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COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation 

Studies) as the force field. The group additive method was executed by the Synthia® module. 

All calculations were carried out on the Dell® SC1420 workstation with Windows® 

server 2003, double Intel® Xeon™ 2.8GHz CPUs, and 4 GB memory. 

 

2.2 Repeat unit of polymers 

There are three repeat units used to build PAG block copolymers, butylene, 

oxyethylene (EO), and oxypropylene (PO) shown in Figure 3.4. Their atomic parameters are 

typed by the COMPASS force field, presented by Sun et al.22, 23 in 1998. 

 

 

(a) (c)(b)

Figure 3.4 Repeat units to build PAG block copolymers: (a) butylene, (b) 
oxyethylene (EO), (c) oxypropylene (PO). (Atom colors: 
carbon atoms—grey, hydrogen—white, and oxygen—red; the 
head atom is circled by cyan, and the tail atom is circled by 
magenta). 

 
 
 

2.3 Polymer formula and physical properties 

There are three kinds of PAG diblock copolymers with the same molecular formula 

shown in Figure 3.1(a).  They have a different hydrophobic/hydrophilic weight ratio 

according to the specifics from the manufacturer. Both butyl groups and PPO are considered 

as the hydrophobic segment. The hydrophobic weight ratios (f) are listed in Table 3.2. With 
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the given MW of each polymer, the repeat unit numbers, integers m and n, can be obtained as 

follow: 

roundingunitrepeatEO

given

W
MWf

m
__

)1( ×−
=        (3.11) 

roundingunitrepeatPO

butylgiven

W
WMWf

n
__

−×
=       (3.12) 

The repeat unit numbers (m and n) of diblock copolymers which are equivalent to 

UCON® products are shown in Table 3.2. 

 
Table 3.2 The list of PAG diblock copolymers equivalent to UCON® products form DOW 

Polymers MW♠

(given) 
MW♣

(calculated) m n Density♥
(293K) 

Hydrophobic 
weight ratio♦

f 
RP6E8 750 775.021 8 6 1.031 50%
RP10E13 1230 1227.61 13 10 1.041 50%
RP13E17 1590 1578.06 17 13 1.051 50%
RP22E29 2660 2629.42 29 22 1.056 50%
RP33E44 3930 3929.09 44 33 1.056 50%
RP11E42 2470 2507.12 42 11 1.095 25%
RP12 740 771.083 0 12 0.983 100%
RP24 1420 1468.04 0 24 0.994 100%
RP40 2490 2397.32 0 40 1 100%

 ♠♥ Information from DOW; 
 ♣   The simulation values of the polymers built with m, n; 
 ♦    The MW of butyl group and PO segments over the calculated MW. 
 

As for the PAG triblock copolymers equivalent to Pluronic® polymers, the repeat 

unit numbers can be calculated as follow: 

roundingunitrepeatEO

given

W
MWf

m
__2

)1(
×

×−
=        (3.13) 

 68



roundingunitrepeatPO

given

W
MWf

n
__

×
=        (3.14) 

The repeat unit numbers (m and n) of each triblock copolymer equivalent to 

Pluronic® products are shown in Table 3.3. 

Table 3.3 The list of PAG triblock copolymers equivalent to Pluronic® products form BASF 

Polymers MW♠

(given) 
MW♣

(calculated) m n Density♥
(298K) 

Hydrophobic 
weight ratio♦

f 
E76P29E76 8400 8398.39 76(2) 29 1.06 25%
E103P39E103 11400 11358.1 103(2) 39 1.06 25%
E133P50E133 14600 14640.1 133(2) 50 1.06 25%
E19P29E19 3400 3376.35 19(2) 29 1.06 50%
E26P40E26 4600 4631.97 26(2) 40 1.04 50%
E37P56E37 6500 6530.42 37(2) 56 1.05 50%

 ♠♥ Information from BASF; 
 ♣   The simulation values of the polymers built with m, n; 
 ♦    The MW of butyl group and PO segments over the calculated MW. 
 
 

3. Results and discussion 

3.1 Density of melt PAG block copolymers 

 An essential density is equal to molecular weight in the molar volume of a molecule. 

The molecular weight per polymer is determined exactly from the molecular structure 

formula.21 It is important to predict the molar volume to obtain the density. The volume is a 

function of temperature. Changes in volume could be caused by molecular configuration. The 

topological method for structure-property correlations has three components of the molar 

volume: the space truly occupied by atoms, the amount of additional “empty” space, and the 

expansion volume. The space truly occupied by atoms is also called van der Waals volume, 

which is impenetrable to other molecules with normal thermal energies corresponding to 
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ordinary temperatures.24 The amount of additional “empty” space is called packing volume, 

which is equal to the difference between the molar volume at absolute zero temperature and 

the van der Waals volume. The expansion volume is the volume of thermal motions, which is 

equal to the difference between the molar volume at the objective temperature and at absolute 

zero. Bicerano21 stated that the standard deviation between the experimental value and the 

calculated value was 0.0354 g/cm3 and the correlation coefficient was 0.9872.  

 Both computational and experimental values of the PAG block copolymers are shown 

in Figure 3.5. The calculated values are always higher than the experimental values provided 

from the manufacturers. The difference between the experimental and the calculated density 

of RP11E42 is the smallest, at 0.0008 g/cm3. The E76P29E76, E103P39E103, and 

E133P50E133 have a difference in density of more than 0.44 g/cm3, which is greater than the 

standard deviation, 0.0354 g/cm3, obtained by Bicerano.21 The RP6E8, RP10E13, RP13E17, 

RP22E29, and RP33E44 have the same hydrophobic weight ratio. Their densities increase 

with increasing molecular weight. The increase speed of the experimental values is higher 

than that of the calculated. As for RP12, RP24 and RP40 with the 100% hydrophobic weight 

ratio, the calculated densities change significantly as a function of molecular weights, while 

the experimental densities increase with an increase of molecular weight. There is not a 

significant difference in the densities with the variation of molecular weight of EmPnEm 

polymers, except for the experimental values of the group of E19P29E19, E26P40E26 and 

E37P56E37.  
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Figure 3.5 The densities of PAG block copolymers with the experimental 

values and the simulation values calculated by the topological 
method for structure-property correlations. 

 
 The polymer density is strongly correlated with the hydrophobic weight ratio of PAG 

block copolymers researched in this study. For RPnEm polymers, RP11E42 with 25% 

hydrophobic weight ratio has the highest calculated density, 1.0958 g/cm3, while RP12, RP24 

and RP40 with a 100% hydrophobic segment has the lowest calculated value at about 1.022 

g/cm3. A similar trend is found as for EmPnEm polymers. The calculated densities of 

E19P29E19, E26P40E26 and E37P56E37 with 50% PEO segments are lower than those of 
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E76P29E76, E103P39E103 and E133P50E133 with 75% PEO segments. It is possibly 

because PEO does not have a side group, therefore, has a requests smaller packing volume 

than the PPO. Additionally, there are hydrogen bonds in the PEO phases causing the 

expansion volume of the PEO to be smaller than that of PPO. 

Compared to experimental numbers, the standard deviation of the density calculation 

is still high and the correlation coefficient is low. The density from the topological method 

for structure-property correlations is derived from the connectivity index of one molecule. 

The intermolecular factors are not taken into account. Therefore, the results of calculated 

densities are not accurate to predict the density of the PAG block copolymers. It is assumed 

that there are self-assembly phenomena25-27 in the block copolymers and the molecular 

configurations could expand the molar volume in the bulk. Although the topological method 

has limitations, it is still valuable to probe the polymer properties and to establish a 

relationship with molecular weight. 

 

3.2 Zero shear viscosity and shear modulus of melt PAG block copolymers 

 Zero shear viscosity is defined as the melt viscosity of a polymer at the low shear rate 

limit. When the temperature is given, the zero shear viscosity is a function of molecular 

weight. The results are shown in Figure 3.6, in which the PAG block copolymers are grouped 

by the molecular structure and the hydrophobic weight ratio. 

 In Figure 3.6, the zero shear viscosities are highly linear with molecular weight, 

except EmPnEm with a 25% hydrophobic segment. A high molecular weight correlates with 

a high zero shear viscosity, according to Figure 3.6. As for the RPnEm polymers, the linear 
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slope of RPn polymers is higher than that with a 50% hydrophobic segment. RP11E42 with 

25% hydrophobic segments has a lower zero shear viscosity, compared to other polymers 

with the similar molecular weight. The linear slope of EmPnEm polymers with 50% 

hydrophobic segment is almost equal to that of RPnEm with the same hydrophobic ratio, 

which might be caused by the same hydrophobic weight ratio. EmPnEm polymers with 25% 

hydrophobic weight ratio have higher zero shear viscosities. In fact, E103P39E103 and 

E133P50E133 are not of melt at 298 K, which might result in nonlinearity of the zero shear 

viscosity as a function of molecular weight in the case of EmPnEm with 25% hydrophobic 

segments.  
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Figure 3.6 The zero shear viscosity of PAG block copolymers, calculated 

by the topological method for structure-property correlations at 
298 K. 
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 Shear modulus is defined as the ratio of the shear stress to the shear strain. It is a 

function of temperature and molecular weight of homopolymers.21 The calculated values of 

shear modulus of PAG block copolymers are shown in Figure 3.7. As for RPnEm polymers, 

RP11E42 with 25% hydrophobic segment has the highest shear modulus, and the shear 

modulus of RPnEm polymers with 50% hydrophobic segment is higher than that of RPn 

polymers. In each of groups with different hydrophobic weight ratios, there is a nonlinear 

relationship where the shear modulus decreases with increasing molecular weight. This may 

be due to the presence of a butyl group present in the hydrophobic segment. The weight ratio 

of the butyl group to the molecular weight is not constant, which does not provide a linear 

relationship between the modulus and the molecular weight. As for EmPnEm copolymers, 

the group with 50% hydrophobic segments has a lower shear modulus than that with 25%. 

This may be caused by the different ratios of hydrophobic/hydrophilic segments or/and the 

different molecular weights of two groups. There is not a significant difference in the shear 

modulus between the polymers with different molecular weights in each EmPnEm polymer 

group. The same PPO/PEO weight ratio in groups might contribute to the similar shear 

modulus, and the molecular weights of these EmPnEm polymers are constant as a function of 

shear modulus. 
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Figure 3.7 The shear modulus of PAG block copolymers, calculated by the 

topological method for structure-property correlations at 298 K. 
 

 

 

3.3 Cohesive energy and solubility parameter of melt PAG block copolymers 

 Cohesive energy is equal to the increase in the internal energy per mole of material, 

necessary to eliminate all of the intermolecular forces. The cohesive energy includes three 

contributions from dispersion, polar and hydrogen bonding interactions.21 Using Synthia to 

calculate cohesive energy, the standard deviation (van Krevelen) is present as low as 1.647 

kJ/mol. The correlation coefficient between the calculated and the experimental values is 

observed as high as 0.9988.21 The cohesive energies of PAG block copolymers are shown in 

Figure 3.8. The cohesive energies of the polymers are grouped by the molecular formula and 

the hydrophobic weight ratio linearly increases as a function of molecular weight. There is 
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not a significant difference between the slope of RPnEm with 50% hydrophobic segments, 

and EmPnEm with 25% and 50% hydrophobic segment. Overall RPn polymers have the 

largest slope.  
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Figure 3.8 The cohesive energies of PAG block copolymers, calculated by 

the topological method for structure-property correlations at 
298 K. 

 
 The most important application of cohesive energy is for calculating the solubility 

parameter, which quantifies the interactions between polymers and solvents. The solubility of 

a polymer is affected by crosslinking, crystallinity, and molecular weight.21 Quantitatively, 

the solubility parameter is equal to the square root of the ratio of the cohesive energy to the 

molar volume. The calculated results of the cohesive energies are shown in Figure 3.8. 
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Figure 3.9 The solubility parameters of PAG block copolymers, calculated 

by the topological method for structure-property correlations at 
298 K. 

   

 Figure 3.9 indicates that the solubility parameter is not sensitive to the molecular 

weight. However, the solubility parameter can be divided into three groups with different 

hydrophobic weight ratio. RP11E42 has the solubility parameters of 18.68 (J/cm3)0.5, which 

is similar to 18.79 (J/cm3)0.5, the value for EmPnEm with 25% hydrophobic segments. Both 

RPnEm and EmPnEm with 50% hydrophobic segments have the solubility parameter of 

about 18.3(J/cm3)0.5. The solubility parameters of RPn are reduced to about 17.6 (J/cm3)0.5. In 

general, solubility parameter is a valid indicator of the solubility in non-aquatic solvents, 

such as olefin and benzene. However, it is not valid for water as a solvent, due to the large 

quantity of hydrogen bonds between the hydroxyls of the solvents and the PEO segments.  
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4. Conclusion 

 The topological method for structure-property correlations is a simple, quick and 

valid simulation approach to predict physical and chemical properties of polymers from their 

molecular structures.  

 The calculated values of PAG block copolymer densities are higher than the 

experimental values provided by the manufacturers.  This difference might be caused by the 

self-assembly phenomena at the mesoscale between different segments, which is not taken 

into account in the topological method for structure-property correlations. The zero shear 

viscosities of PAG block copolymers are linear as a function of molecular weight within 

groups of the same hydrophobic weight ratio, except for EmPnEm with 25% hydrophobic 

segments. The shear modulus of RPnEm polymers decreases nonlinearly with the molecular 

weight due to the presence of a butyl group, while EmPnEm polymers have a nearly identical 

shear modulus within each group of the same hydrophobic segment ratio. The cohesive 

energies of PAG block copolymers increase linearly with molecular weight. The solubility is 

a function of the cohesive energy over the molar value. The copolymers with the same 

hydrophobic segment ratio have the similar solubility parameter. The PAG block copolymers 

with 25% hydrophobic segment have the highest solubility parameter, and RPn polymers 

have the lowest solubility parameter. But the solubility parameter can not indicate the 

solubility of PAG block copolymers in aqueous solvents, due to the large quantity of 

hydrogen bonding between the PEO and the hydroxyls of the solvent.  
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5. Supplement  

It is valuable to obtain the simulation results of a polymeric candidate or objective 

before it is planned to be used in industrial or academic research. There are 15 PAG block 

copolymers that are candidates. In order to study fiber lubrication with hydrophobic and 

hydrophilic surfaces, a polymer chain carrying both hydrophobic and hydrophilic segments is 

important to research. Therefore, RPn polymers are not studied further. In addition, the 

molecular weight of the E76P29E76, E103P39E103 and E133P50E133 are extremely high 

and are not intended to use as fiber lubricants, so they are eliminated from the list as well. 
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Chapter 4 

Interaction Energies of PAG Block Copolymer Melts with 
Polymeric Surfaces in Vacuum 
 
 

Abstract 

Molecular dynamics simulations are used to study the interaction energy of PAG 
block copolymer melts with PP and cellulose surfaces. The interaction energy is 
defined as the ratio of interfacial interaction energy to the contact area. Both PPO and 
PEO segments have lipophilic properties. The molecular weight and the head group 
weight ratio are found to improve adhesion. Hydrogen bonds may be formed between 
the PEO and cellulose, resulting in more PEO segments on the cellulose surface than 
on the PP surface. The interaction energy of PEO on the cellulose surfaces is high. 
The PPO/PEO ratio and the molecular weight can impact the interaction energy on 
both PP and cellulose surfaces. 
 

 

 

 

1. Introduction 

Interfacial interactions at polymer surfaces are critical in many applications, including 

adhesives, coatings, contact lenses, composites, prosthetic devices, films, lubricants, paints, 

and printing inks. Interaction energy caused by non-bonding forces between two objects is of 

interest in both academic and industrial research.1-5 There are three main components of 

intermolecular interaction energy: dispersion interaction of the temporary random dipole, 

polar interaction of the permanent dipole, and the hydrogen bonding interaction.6 If the 

interaction energy is negative, there is an attractive force between the objects, such as 

adhesion. If it is positive, there is a repulsive force. In the majority of engineering polymers, 

interfacial interactions at polymer surfaces are rarely measured by experimental methods, 
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because usually both the surfaces and polymers involved are insoluble. The surface materials 

have high glass transition temperatures, and in some cases it is difficult to precisely 

characterize the polymers at the interface.7-9 Therefore, the application of molecular 

modeling strategies would be helpful in situations that are difficult to study by  experimental 

means.10  

Researchers are interested in serval critical polymer properties including surface 

tension, wetting, adhesion, molecular structure at the interface or inter-phase, and the 

structure difference from the bulk. Prathab et al.10 reported the study on interactions of 

polymer-to-polymer and polymer-to-metal oxide. They studied poly(methyl methacrylate) 

(PMMA) with 10-mers as the matrix, and several metal oxides (Al2O3, Fe2O3, SiO2 and TiO2). 

Other engineering polymers were used as the surface materials. The paper provided good 

insight into the interactions of PMMA with the polymeric surfaces. Chauve et al.11 

established an atomic method to examine the reinforcing effects of nano-composites made of 

cellulose whiskers on polyethylene-vinyl acetate (EVA) matrixes. With MD simulations, they 

found the differences between the ethylene homopolymer and the polymers with acetate 

groups. Dynamic mechanical analysis (DMA) was performed to confirm the results of 

adhesion. However, there is little reported work on amorphous cellulose surfaces, which are 

commonly seen in the textile, paper and painting industries. 

In this chapter, the PP and cellulose amorphous surfaces previously built in Chapter 2 

are used. The melt polymers will be studied with PAG block copolymers which are 

equivalent to UCON® and Pluronic® products. 
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2. Interaction energy and simulation method 

2.1 Interaction energy calculation 

 A general method to calculate the interaction of two materials is shown as Figure 4.1. 

First, each component is built as a confined layer with the same length and width at the top 

and bottom sides. It is 2-D periodic in the x and y direction. Secondly, the layers are stacked 

to form a composite layer. Usually, a vacuum space is adopted on the top of the composite 

layer in order to diminish the interaction between the top and the bottom due to the periodic 

boundary condition of the composite layer. Then MD simulations are run in NVT ensemble 

at a given temperature. The simulation time should be long enough to allow the dynamics 

process to reach equilibrium. The last step is that the energy of the entire system as well as 

each of components can be obtained with the force field.  

 

Dynamics 

(NVT)

 
      (a)                                                           (b)                             (c)                           (d) 

E interaction =       E total     -   (  E surface    +   E polymer) 
 

Figure 4.1 The calculation of interaction energy for two components. (a) 
The original model of two-component layer with the vacuum 
space. The top layer is the liquid polymers (RP6E8) and the 
bottom layer is the solid surface (PP). (b) The frame after 
dynamics processes. (c) The surface layer after the removal of 
the liquid polymers. (d) The liquid layer after the removal of the 
bottom layer. Etotal, Esurface and Epolymer are the total potential 
energy of (b), (c) and (d). All are calculated by the force field of 
Materials Studio 4.1. 
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 The interaction energy (Einteraction) is calculated by subtracting the energy of each 

separated material (Esurface, Epolymer) without interacting surfaces, from that of the total system 

(Etotal) with interacting surfaces. In order to obtain the interaction energy per unit, the 

modified equation is used as follow:10 

V
EEE

E polymersurfacetotal
adhesion

)( +−
=                                (4.1) 

where V is the molar volume of the polymer. Here the term of volume in the equation is not 

appropriate because the interaction is considered relative to the area of the interface, instead 

of the volume of the polymer. In the Accelrys MD software, the unit of energy is kcal/mol, 

where “mol” means a mole number of system molecules in the periodic condition. Therefore, 

the area of the interface is a mole number of interface in a single system and the unit of 

interaction becomes cal/cm2 (energy over area). In Prathab’s paper,10 there was only one 

polymer. If the original polymer confined layer was built in a cube, the area of the interface 

could be obtained by the equation
3 2VS = . Olgun et al.12 also used the same equation to 

calculate the interaction with more than one polymer in their system. However, the molar 

volume used in Equation 4.1 can not be used reliably to calculate the interaction energy, 

because the interaction energy is only a function of the area of interface, not the volume of 

the polymer.  

 In Chauve’s work, the adhesion at a molecular level corresponds to the energy 

difference of the total energy from the addition of surfaces and polymers energies.11 

)_2/()( areasurfaceEEEE polymersurfacetotalninteractio ×−−−=    (4.2) 

Chauve’s interaction equation improves upon Prathab’s work and the unit of interaction is 
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mJ/m2 which is energy over area. The minus sign is not be necessary in the equation, because 

the simulation system usually provides the positive or negative sign with the value of energy.  

Therefore, the following equation is used to calculate the interaction energy in our further 

molecular dynamics simulations: 

)_/()( areasurfacenEEEE polymersurfacetotalninteractio ×−−=     (4.3) 

where n is equal to 1 or 2 when the polymer is respectively confined by one or two solid 

surfaces. This equation works quite well in a two-component system where there is a 

polymer (liquid) and a surface (solid). 

 

2.2 Simulation method 

The software and hardware used in the simulations are the same as Chapter 2. 

2.1 Model building 

 The PP and cellulose amorphous surface layers built in Chapter 2 are used in this 

work. The dimensions of the PP and cellulose layers are 33×33×26 Å and 33×33×32 Å, 

respectively.  

 Both RPnEm and EmPnEm polymers with 50% hydrophobic weight ratio and 

RPnEm with 25% ratio are the target polymers in order to compare results with the results in 

Chapter 3. Three additional RPnEm polymers are added in this chapter, RE58, RP32E15 and 

RP48, to study the polymeric properties only as a function of hydrophobic weight ratio. 

 The PAG polymeric confined layers are constructed by Amorphous Cell®, a module 

of Materials Studio software. The number of molecules and the layer density are shown in 

Table 4.1. The temperature is at 298 K. And the group-based cutoff is adopted when building 
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the confined layer. The length and width of the layers are kept constant for all surfaces. 

 
Table 4.1 PAG block copolymers with parameters to build the confined amorphous cells  

Polymer MW m_EO n_PO Hydrophobic 
weight ratio 

Number of 
molecules 
in one unit 

layer 

Layer 
density
g/cm3

RP6E8 775.021 8 6 50% 22 1.03
RP10E13 1227.61 13 10 50% 14 1.04
RP13E17 1578.06 17 13 50% 11 1.05
RP22E29 2629.42 29 22 50% 7 1.06
RP33E44 3929.09 44 33 50% 5 1.06
RP11E42 2507.12 42 11 25% 7 1.09
RE58 2585.14 58 0 2% 7 1.06
RP32E15 2593.48 15 32 75% 7 1.06
RP48 2803.88 0 48 100% 7 1.06
E19P29E19 3376.35 19(2) 29 50% 6 1.06
E26P40E26 4631.97 26(2) 40 50% 4 1.06
E37P56E37 6530.42 37(2) 56 50% 3 1.06

 * New polymers are shadowed by grey. 
 
  

The original models, similar to Figure 4.1(a), are completed by stacking the polymer 

layer on the amorphous surface layer. This is performed by using “building layers” function 

of Materials Studio 4.1. A 50Å-thick vacuum layer is inserted on top of the original models to 

avoid the border interruption due to the periodic border condition. Therefore, only one 

surface is involved and n is equal to 1 in Equation 4.3.  

 There are three dynamics processes carried out on each model. 5000 fs minimization 

is first executed with the medium convergence level and the Smart Minimizer method of 

Materials Studio 4.1 software. Then, a 500 ps NVT ensemble of MD simulation at 298 K 

with 5 fs equilibrium time is run for each minimized model. Finally, 100 ps NVT ensemble is 

performed on the last frame of each model, meanwhile the frames are saved every 10 ps so 

that they can be used in the next interaction energy calculation. 
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 The Accelrys program was modified and customized to calculate the interaction 

energy with Equation 4.3, which is attached in Appendix 1.  

 

3. Results and discussion  

3.1 RPnEm copolymers 

 Figure 4.2 shows the interaction energy between RPnEm polymers and the PP and 

cellulose surfaces, as well as the molecular weight of RPnEm polymers with 50% 

hydrophobic weight ratio. The black cubes with the error bars represent the interaction 

energy with the cellulose surfaces, and the red denotes those with the PP surfaces. The 

molecular weights are shown with the x axis at the bottom of the figure. 

500 1000 1500 2000 2500 3000 3500 4000

-160

-140

-120

-100

-80

-60

-40

In
te

ra
ct

io
n 

en
er

gy
 (J

/m
2 )

Molecular weight (AMU)

Polymers on PP surfaces

Polymers on Cellulose surfaces

 
Figure 4.2 The interaction energies of melt RPnEm polymers with 50% 

hydrophobic weight ratio and different molecular weights on 
the PP and cellulose surfaces. 
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 All of the reported interaction energies in Figure 4.2 are negative. Therefore, the 

interaction force between RPnEm polymers and the PP and cellulose surfaces is attractive. In 

general, an interaction energy with a large absolute value quantifies the strong adhesion. 

Cellulose is lipophilic in vacuum and has affinity to both PPO and PEO segments. RP6R8 

has the maximum adhesion with both the cellulose and PP surfaces, because the weight ratio 

of the butyl groups is 7%, which is higher than any other polymer. The butyl group is 

strongly hydrophobic. In addition, there are more hydroxyl groups in the same volume of 

RP6E8 because of the low molecular weight and the similar density with other RPnEm 

polymers in Figure 4.2. The hydroxyls build strong hydrogen bonds with the cellulose 

surface, so the adhesion of RP6E8 with cellulose is stronger than that with PP.  

 The interaction energy with the cellulose surface has the highest value at RP13E17 

while the PP surfaces’ highest value is with RP22E29. The highest interaction energy 

correlates to the lowest adhesion value. In Chapter 3, it is shown that RPnEm polymers with 

a high molecular weight accordingly have a high viscosity and density, which may contribute 

to low adhesion. Therefore, there are two factors which enhance the adhesion, or reduce the 

negative value of the interaction energy, of RPnEm with the same hydrophobic weight ratio: 

the high weight ratio of head groups (butyl and hydroxyl) or the high molecular weight. 

However, these two factors are inversely related to each other. A high weight ratio of head 

groups leads to a lower molecular weight and vice versa. Consequently, the RPnEm polymers 

with either high head group weight ratio or high molecular weight have strong adhesion to PP 

and cellulose surfaces. 

 Figure 4.3 shows the interaction energies of RPnEm polymers with variable 
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hydrophobic weight ratios and the similar molecular weight, which excludes the influence of 

the molecular weight, and the weight ratio of butyl and hydroxyl groups. Only the PPO/PEO 

ratio is considered.  

 On the cellulose surfaces, the interaction energy does not change significantly from 

RE58 to RP11E42. From RP11E42 to RP48, the interaction energy increases with the 

hydrophobic weight ratio. The solubility parameter of the PPO is equal to that of the PEO 

when no hydrogen bonding interactions are taken into account. There are both a small 

segment of butyl and PEO in the RE58 and RP11E42 samples. The PEO segments play the 

main role in contributing to the interaction energy (or adhesion) with cellulose surfaces. 

Hydrogen bonding interaction is proportional to the quantity of PEO segments on the 

cellulose surfaces. Therefore, RPnEm copolymers with low hydrophobic weight ratio show 

good adhesion to the cellulose surfaces.  

 On the PP surfaces, the effects of the weight ratio of end groups and the molecular 

weight are still necessary to consider, but hydrogen bonding interactions are not a factor for 

RPnEm polymers. The variable of the PPO/PEO ratio is also important. Although PPO and 

PEO have similar solubility parameters, the PPO segment is closer to the surface than the 

PEO. RE58 and RP11E42 are mostly comprised of PEO segments, while RP32E15 and RP48 

are mostly comprised of PPO segments. Therefore, the interaction energies of RE58 and 

RP11E42 are slightly higher than RP32E15 and RP48. RP22E29, with a 50% hydrophobic 

weight ratio, has the least adhesion to the PP surface. The reason might be that a 50/50 

PEO/PPO segment ratio leads to a nearly symmetric structure, which corresponds to a 

characteristic point of low affinity to the PP surfaces. 
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Figure 4.3 The interaction energies of melt RPnEm polymers with variable 

hydrophobic weight ratios and the similar molecular weights on 
the PP and cellulose surfaces. 

 
 
 
3.2 EmPnEm triblock copolymers 

 The interaction energies of EmPnEm polymers on PP and cellulose surfaces are 

shown in Figure 4.4.  
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Figure 4.4 The interaction energies of melt EmPnEm polymers with 50% 

hydrophobic weight ratios and the similar molecular weights on 
the PP and cellulose surfaces. 

 
 
 

 The molecular weights of EmPnEm polymers are relatively high compared to the 

RPnEm copolymers previously discussed. The head groups are two hydroxyls that occupy a 

small weight fraction in the liquid state. Therefore, the extra influence of the head groups on 

the interaction energy can be omitted. The interaction energies of E19P29E19 and 

E26P40E26 on PP are slightly higher than those on cellulose surfaces. However, the standard 

error is quite large. This indicates the formation of unstable and weak bonds, such as 

hydrogen bonds in the system. The interaction energy of the E37P56E37 and the PP surface 

is not significantly different from that of the cellulose surface. On the other hand, the 
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interaction energy on the PP surface remains nearly constant, while the molecular weight 

changes. In the case of the cellulose surface, the lowest interaction energy is found in 

E26P40E26, and the highest is seen in E37P56E37. Again, there is a high standard deviation 

due to large standard error, which weakens the comparison of the interaction energies of 

EmPnEm polymers on cellulose. The high standard deviation is most likely caused by the 

small size of MD simulation.  

 

4. Summary 

 Interaction energy is a valid parameter to study adhesion between the polymer melt 

and the solid surface. A program based on the calculation equation 4.3 is used to calculate the 

interaction energies of the RPnEm and EmPnEm copolymers on polymeric surfaces. The 

results are compared to unveil the impact of molecular weight, hydrophobic weight ratio, 

head group weight ratio, and surface nature on the interaction energy. The molecular weight 

and the head group weight ratio are found to improve adhesion. Hydrogen bonding can form 

between PEO and cellulose, causing more PEO segments to absorb on cellulose surfaces, in 

turn increasing the interaction energy.  
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Chapter 5  

Configuration and Interaction Energies of a Single PAG 
Copolymer Molecule in Aqueous Solutions on Fiber Surfaces  
 
 

Abstract 

Poly(alkylene glycol) (PAG) triblock copolymers are widely used as lubricants, 
surfactants and additives in many industries. In aqueous solutions of PAG copolymers, 
the interaction between the PAG copolymers and the solid (fibers) surfaces becomes 
complicated with the presence of water due to the cross interaction of multiple 
components. The polymer-water-surface (PWS) calculation method is proposed in 
this chapter to calculate the interaction energy for this complex system. The RP6E8 
and E19P29E19 are studied at the water-surface interfaces. Water results in different 
interaction energy values for the two PAG block copolymers. In contrast with 
vacuum condition, the presence of water increases the attractive interaction energy of 
RP6E8 on the cellulose surface, compared with that on the PP surface. However, 
water decreases the interaction energy of E19P29E19 on the cellulose surface, 
compared with the PP surface. Additionally, the simulation results are in agreement 
with the experimental work. 

 
 
 
 
1. Introduction 

 PAG copolymers are widely used as lubricants, surfactants and additives in many 

industries, such as textiles, paper, cosmetics, beverage, food, and painting. PPO and PEO 

block copolymers are nonionic, so their pH value in solution has little effect on the solution 

properties. This is important in most industrial processes and also beneficial to various end 

uses as well.  In addition, since PPO segments are hydrophobic and PEO segments are 

hydrophilic, they are referred to as amphiphilic polymers. Therefore, water is one of the 

commonly used solvent for PAG copolymers. Due to the hydrogen bonding in an aqueous 

PAG solution, PEO segments play an important role in the solubility and have drawn a great 
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deal of theoretical interest using classic large-scale methods. Using modified small-angle X-

ray equipment Pedersen and Sommer1  applied a random phase approximation to obtain the 

virial coefficients and Flory-Huggins parameters of PEO segments in an aqueous solution. 

The solubility properties of PAG block copolymers were experimentally studied by Ahmed et 

al.2, Bromberg et al.3, Liang et al.4, Oh et al.5, Qiu et al.6, Xiong et al.7 etc. and simulation 

methods were employed by Agarwal et al.8, Chen et al.9, 10, Pedersen and Gerstenberg11, 

Wijmans et al.12, Sommer et al.13, etc.   

When a polymer solution comes into contact with a solid surface, a layer of the liquid 

located at the interface behaves differently from the bulk liquid. Although it has been argued 

that there are characteristic interactions and structures created by the polymer in solution at 

the interface, the interfacial properties are still not fully understood. However, the chemical 

and physical properties of a solid surface are factors which determine the interfacial 

properties. Equally, the solubility and the self-assembly properties of PAG copolymer 

solutions are obviously impacted by the hydrophobicity or hydrophilicity of the surfaces.  

Knoll and Magerle14 studied thin films of cylinder-forming polystyrene-polybutadiene-

polystyrene triblock copolymers on polished silicon substrates by scanning probe microscopy. 

They found that the structure of thin films depends on the local thickness of the thin film, as 

well as the polymer concentrations as well. Tsarkova et al.15 continued Knoll and Magerle’s 

work on the carbon substrates and presented similar results. Liang16 used a nanoindenter 

instrument to study the lubricity of PAG block copolymers (1% volume) on PP, PE and 

cellulose surfaces through nanoscratch tests. Song17 investigated the adsorption of PAG block 

copolymers on PP, PET, PE and cellulose surfaces by QCM technique. Li et al.18 adopted a 
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lateral force microscopy to measure lateral forces when a tip moved on PP or cellulose 

surfaces in an aqueous solution of PAG block copolymers. The previous work shows good 

agreement that both PEO-PPO-PEO and butyl-PPO-PEO block copolymers were good 

lubricants on PP surfaces, and there is a little adsorption of PAG copolymers in aqueous 

solution on cellulose surfaces. Molecular weight, as well as the EO/PO ratio, was found to 

play an important role in the polymer-surface interactions. Li et al.18 obtained lateral force 

images with different surfaces and proposed a self-assembly hypothesis for PP surfaces 

shown in Figure 5.1. PEO segments are assumed to be highly soluble in, and have a good 

affinity to water, because of the hydrogen bonding between the oxygen in the ether groups of 

PEO and the hydrogen of water. Meanwhile PPO segments are adsorbed to the PP surface 

because they are hydrophobic and repellent from water. Due to the limitation of experimental 

methods, these hypothesis could not further verified by Liang16, Song17 and Li et al.18 

 

 

 
PolypropylenePolypropylene

PEO 

PPO 

PEO 

Water 

Figure 5.1 The hypothesis of the EO-PO-EO block copolymer molecule on 
a PP surface. This figure is revised from the work of Li et al.18 

 
   

Simulation methods are valid to investigate polymer interfacial phenomena at the 

atom scale. Prathab et al.19 and Chauve et al.20 studied the interaction energy between liquid 
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homopolymers and solid polymeric surfaces. The liquids in our study are aqueous solutions 

of PAG block copolymer. A complicated solution system is created with PPO, PEO and water 

on polymer surfaces. Zhange et al.21 adopted a M3B model in molecular dynamics (MD) 

simulation to investigate dextran in water on the surface of a bse matrix. Dextran is an α-D-

(1-6)-linked glucan with side chains which are mostly one to two glucose units long. The 

system was built with 30×30×100 Å with 30,000 water molecules. All molecule chains were 

represented with coarse-grain beads, and the force field only has two terms for the valence 

force and one term for the non-bond force. Therefore, Zhang’s model is simplified. We will 

use COMPASS as the force field to characterize all atoms in the system. Hower et al.22 

studied a complex system of lysozyme above a mannitol self-assembled monolayer surface in 

water and other additives. Their monolayer was built with Metropolis Monte Carlo method 

and all surface atoms were fixed in the xy plane. Wongkoblap et al.23 focused on the 

adsorption of a fluid, such as water, in carbon nanotube bundles. Additional research has 

been carried out which studies polymers in water on solid surfaces.24-27 Most of the 

previously listed work obtained configurations of macromolecules on solid surfaces by 

simulation methods when water was present as the solvent at the atom scale, however little 

has been done to calculate the interaction energy between an objective polymer and a surface, 

particularly with the presence of water.  

 In this paper, two PAG block copolymers were placed in water and then confined 

with amorphous polymer surfaces of hydrophobic PP and hydrophilic cellulose. The 

interaction energy between the polymer and a surface was calculated.  
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2. Modeling and methods 

Simulation work was performed using two modules of Materials Studio 4.1 software 

from Accelrys, San Diego, CA, USA. The MD calculation module was Discover with 

COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation 

Studies) as the force field. A Dell® SC1420 workstation with Window® server 2003, double 

Intel® Xeon™ 2.8GHz CPUs, and 4 GB memory was used. 

 

2.1 Modeling 

Two block copolymers, RP6E8 and E19P29E19 were used, which are shown in Table 

1.1. Their end-to-end distances calculated using a distance measuring tool in Materials Studio 

4.1 are 40.7 Å and 164.5 Å after 5000fs minimization.  

PP and cellulose surfaces employed here were expanded from the surface layers built 

in Chapter 2. Two cells were combined with OA (x axis) orientation by “SuperCell” for 

RP6E8, while E19P29E19 was composed of eight cells. The XY dimensions of all cells for 

RP6E8 and E19P29E19 were 66.6×33.3 Å and 199.9×33.3 Å, respectively. The thicknesses 

(the Z dimension) of the PP and cellulose surfaces were 26.0 Å and 32.3 Å. 

 Water was defined by the COMPASS force field in Materials Studio 4.1 and designed 

as one charge group for each water molecule. A primary layer of water was composed of 

1500 molecules, with a dimension of 33.3×33.3×40.4 Å and a density of 1.00 g/cm3. The 

confined layer of water used to envelop the RP6E8 molecule was constructed with two 

primary layers with the OA (x axis) orientation. Eight primary layers with the same 

orientation were used for E19P29E19. The dimensions were 66.6×33.3×40.4 Å for RP6E8 
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and 199.9×33.3×40.4 Å for E19P29E19, matching the dimensions of the PP and cellulose 

layers created previously in Chapter 2.  

A single polymer molecule of RP6R8 or E19P29E19 was placed in confined water 

layers with the Perl script from Accelrys Software Inc.28 The geometry center of the polymer 

molecule in the water is (0.5, 0.5, 0.3) and the polymer molecules were oriented with the OA 

(the X axis).  

 The original systems of polymer-water-surface were completed by “Build→Build 

Layer”, a function in the main menu of Materials Studio 4.1. A vacuum space of 50Å was 

added in the original system to avoid the interaction interference due to the periodic 

condition. Water was deleted from each system in order to build the single polymer molecule 

in a vacuum on the surfaces, and therefore the effect of water on the interactions was 

eliminated. The original systems in the chapter are shown in Figure 5.2. 
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Figure 5.2  Models of a single PAG molecule affected by water on PP and 

cellulose surfaces. Colors represents particular: carbon atoms—
grey, hydrogen—white, and oxygen—red. The PAG polymers 
are colored with different segments: butyl group—purple, 
PPO— green, and PEO—blue. (a) RP6E8-water-PP system, (b) 
RP6E8-water-cellulose system, (c) E19P29E19-water-PP 
system, and (d) E19P29E19-water-cellulose system.  
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2.2 Dynamics processes 

 RP6E8 in a vacuum: 5000fs minimization, 5ps equilibration time, 500ps NVT 

dynamics production time. One circle is carried out. 

 RP6R8 in water: 5000fs minimization, 5ps equilibration time, 500ps NVT dynamics 

production time. Two circles are carried out. 

 E19P29E19 in a vacuum: 5000fs minimization, 10ps equilibration time, 500ps NVT 

dynamics production time. Two circles are carried out. 

 E19P29E19 in water: 5000fs minimization, 10ps equilibration time, 100ps NVT 

dynamics production time. Ten circles are carried out.  

 The frames were saved every 1ps and the last 10 frames were employed to calculate 

the average of interaction energy. 

 

2.3 Calculation method of Polymer-Water-Surface (PWS) interaction energy  

 A polymer-water-surface (PWS) system has a polymer, water and a surfaces as 

elements of the system. In the system there can be four cross terms, three double-cross terms 

and one triple-cross term. The double-cross terms are EPW, EPS and EWS, and the triple-cross 

term is EPWS, as shown in Figure 5.3.  
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EPW

EPS

EWS
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Figure 5.3  PWS sketch method to calculate the cross terms of interaction 
energy in the polymer-water-surface system.  

 
 If each term in the PWS system is independent of one another, the single terms (EP, 

EW and ES) can be calculated directly with the force field by deleting two other components 

from the system, shown in Figure 5.4. 

       
 

  

ES 

 

 

EP

 

  

  

EW

     (a)  EW                                  (b) EP                                                (c) ES

Figure 5.4 The potential energy of each single component. The white plate 
represents the removal of a component from the PWS system. 
Only one component is left and its potential energy can be 
calculated by the force field. 

 
The double-cross terms (EPW, EWS, EPS) can be easily obtained by deleting one 

component and calculating the total energy of each two-component sub system shown in 

Figure 5.5.  
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      (a) EP+PW+W                                   (b) EW+WS+S                                    (c) EP+PS+S

Figure 5.5 The potential energy of each two-component sub system. The 
white plate represents the removal of a component from the 
PWS system. 

 
 

And the calculation equations of each two-component sub system are as follows: 

EPW=EP+PW+W-EP-EW        (5.1) 

EWS=EW+WS+S-EW-ES        (5.2) 

EPS=EP+PS+S-EP-ES        (5.3) 

 Finally, the triple-cross term EPWS can be calculated by subtracting each single term 

and double-cross terms from the total energy of the whole system (ET): 

EPWS=ET-EP-EW-ES-EPW-EWS-EPS 

            = ET -EP+PW+W -EW+WS+S -EP+PS+S+EP+EW+ES    (5.4) 

 The interaction energy between the polymer and the surface when influenced by 

water can be obtained: 

EPS_interaction =EPS+EPWS = ET -EP+PW+W -EW+WS+S+EW    (5.5) 
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Figure 5.6  The sketch of the interaction energy (EPS_interaction)between the 

polymer and the surface affected by water. 
 

 

Equation 5.5 is valid under the assumption that all interaction energy terms are 

independent of one another. However, they are dependent of each other in reality. When one 

or two components are removed from the system, a new non-bond interaction could result in 

the remaining molecules, causing the single terms (EP, EW and ES) and the two-component-

system total energies (EP+PW+W, EW+WS+S and EP+PS+W) to be higher than the actual values in 

the PWS system. Due to the cutoff applied when calculating the energy of the system, the 

newly created non-bond interactions, such as van der Waals and the dipole-dipole forces, can 

be omitted when the atom distance between atoms is longer than 9.5Å. However, the newly 

created hydrogen-bonding interactions can not trail off with the cutoff. For example, after 

deleting the polymer from the PWS system, two water molecules beside the polymer 

molecule may undergo new non-bond interactions, specifically the hydrogen bonding, which 

has two orders of magnitude higher than van der Waals force.  

If ξ(E) represents the contribution of the new non-bond interactions created when 

deleting one or two components, ξ(E) is positive and unknown. Equation 5.5 can be rewritten: 
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EPS_interaction = ET -EP+PW+W -EW+WS+S+EW-ξ(EP+PW+W)-ξ(EW+WS+S)+ξ(EW) (5.6) 

 Equation 5.6 shows the difficulty when obtaining the polymer-surface interaction 

energy affected by water. However, there are two inspiring discoveries when ξ(E) was 

analyzed: ξ(EP+PW+W) → 0 and ξ(EW+WS+S) ≈ ξ(EW), because the solid polymer surfaces are 

nearly flat, new hydrogen bonds are rarely created between water molecules when the solid 

surface is deleted from the PWS system, and the removal of polymer causes the majority of 

new hydrogen bonds between water molecules.  

 Therefore, Equation 5.5 is effective for calculating calculate the polymer-surface 

interaction energy affected by water. The script has been written to calculate the interaction 

of the PWS system and can be seen in Appendix 2.  

 

3. Results and discussion 

3.1 Polymer configurations 

3.1.1 In a vacuum system 

 First, we investigated the configuration of the PAG block copolymer molecules in a 

vacuum on both the PP and the cellulose surfaces, which are shown in Figure 5.7. The entire 

molecule of RP6E8 is very close to both the PP and the cellulose surfaces (see Figure 5.7(a) 

and (b)). The butyl groups of RP6E8 even dive into in the PP and cellulose surfaces, and the 

PEO and PPO segments display a good affinity to both surfaces. PP belongs to the olefin 

family and is obviously lipophilic. Cellulose is a carbohydrate, which is well known as a 

hydrophilic material and a good hydrogen-bonding donor. Cellulose is also lipophilic in the 

absence of water, which is commonly seen when cotton shirts are easily stained by food oils. 
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However, the molecular configurations of RP6E8 on the PP and cellulose surfaces are much 

different. The RP6E8 molecule on the PP surface is tangled together, whereas it has a much 

more outspreading structure, with a longer end-to-end chain distance on the cellulose surface. 

In the top view of Figure 5.7(b), we can see the zigzag shape of the PPO segment of RP6E8 

on the cellulose surface, which results in the methyl groups inclining towards the cellulose 

surface. The PEO segment also sticks to the cellulose surface and stretches out, which is due 

to the hydrophilic affinity, as well as hydrogen bonding between PEO and cellulose. 

Therefore, the interaction between RP6E8 and the cellulose surface is stronger than that 

between RP6E8 and the PP surface, which is in agreement with the results for RP6E8 in 

Chapter 4. 

 E19P29E19 has almost the same zigzag configuration on both the PP and cellulose 

surfaces (see Figure 5.7 (c) and (d)). Although there are a quite few of bends in the PEO 

segments, the molecule remains close to the surfaces, showing that the E19P29E19 molecule 

has a strong affinity with both fiber surfaces. This is because the hydroxyl sticks to the 

cellulose surface due to the hydrogen bonding. The configurations also imply that the 

interaction between E19P29E19 and the cellulose surface is somewhat higher than that 

between E19P29E19 and the PP surface. However, the interaction increase might be 

inconspicuous, since there are only two hydroxyls in one molecule and the molecular weight 

of E19P29E19 is distinctly high.  

 In a vacuum, both the PP and the cellulose surfaces show good adsorption of RP6E8 

and E19P29E19. The adsorption is stronger on the cellulose surface when compared to the 

PP surfaces, due to hydrogen bonding. Also the surface tension of cellulose is 75.23 dyn/cm, 
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whereas the value is only higher than 30.39 dyn/cm for PP, which might contribute to the 

affinity of PPO and PEO, which are calculated in Chapter 3 with Synthia® software. 

 

3.1.2 In water 

 Water is a common solvent for materials with polar groups. PAG block copolymers 

are non-ionic surfactants with polar groups and non-polar tails, in which the PPO segment is 

the non-polar region and the PEO segment is the polar region. Also there are hydrogen bonds 

between PEO and water molecules, even though PEO is lipophilic without water present. The 

configurations of RP6E8 and E19P29E19 on PP and cellulose surfaces are impacted by the 

strong hydrogen bonding with water. 

 With water present, the RP6E8 molecule on the PP surface is configured like a 

comma, where butyl groups and PPO segments tangle together, and the PEO segment spreads 

into the water-PP interface (see Figure 5.8 (a)). The butyl group sticks tightly to the PP 

surface and the PPO segment also shows hydrophobic properties and affinities to PP. There is 

not water between the hydrophobic regions and the PP surface. However, the hydrophobic 

regions contribute greatly to the adsorption of RP6E8 on to PP. The hydroxyl of RP6E8 is 

comfortable in water and the PEO segment close to this hydroxyl also expands in water. 

Therefore, water molecules can be found between the PEO segments and the PP surface, 

causing less affinity between the two components. Under the adsorption competition of water 

and the PP surface, PEO definitely prefers staying with water rather than with PP. The butyl 

and PPO hydrophobic segments have the potential to escape from water, and increase the 

adsorption onto the PP surface.  
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 The configuration of the RP6E8 molecule in water on the cellulose surface is shown 

in Figure 5.5(b), which has several similarities to Figure 5.8(a). The butyl group and PPO 

hydrophobic segments curl together and are close to the cellulose surface. Water is not 

located between this hydrophobic segment and the cellulose surface. However, the butyl and 

PPO segments have an affinity with the cellulose surface. Also the cellulose surface is 

hydrophilic in water and lipophilic without water. When water, the butyl group and PPO 

segments are present at the same time, the cellulose surface is passive to be captured by them. 

The hydrophobicity of the butyl and PPO segment overcomes the hydrophilicity of cellulose 

and the cellulose surface has an affinity to the hydrophobic region of RP6E8. Therefore, the 

hydrophobic regions have similar configurations on the PP and cellulose surfaces, but the 

competition roles of the hydrophobic component and the hydrophilic component are 

completely different with the different surfaces. The PEO segments of RP6E8 on the 

cellulose surface remain at the interface and are comfortable with both water and the 

cellulose surface. Also, there is not an affinity competition between water and cellulose with 

PEO. The PEO segments also contribute to the adsorption of water onto the cellulose surface.  

 The butyl group of RP6E8 has a critical impact on the hydrophobic-hydrophilic 

competition of the passive regions. There is not a butyl group in E19P29E19, which is highly 

hydrophobic, and the hydroxyls do not play a large role since they occupy only a small ratio 

of the molecular weight of E19P29E19. Therefore, the configuration of E19P29E19 is 

primarily impacted by the PEO and PPO segments, and the function of the head groups 

should be removed.  

 The zigzag shape of the PPO segment is observed in Figure 5.8(c), in which the 
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E19P29P19 is on the PP surface and is affected by water. Some PPO fractions also immerge 

with the PP surface, but there is not a water molecule between the polymer and the surface. It 

is obvious that there is a strong affinity between PPO and PP when affected by water, due to 

the hydrophobic attraction. In the top view of Figure 5.8(c), the straight PPO chain proves to 

have a strong affinity with the PP surface again, but the PEO segments curl on the PP surface. 

Some PEO fractions ramble into the water from the PP surface, and there is the hydrogen 

bonding present between water and the PEO segment. According to the configuration for 

E19P29E19, the PPO segment is highly absorbed onto the PP surface, whereas little 

absorption of the PEO segments is observed. 

 The configuration of E19P29E19 on the cellulose surface with water is deceptive (see 

Figure 5.8 (d)).  The PPO segment is straight with partial zigzag shapes, but quite a few 

water molecules are found between the PPO segments and the cellulose surface. The PPO 

segment is further away from the surface and folds together with small fractions. It is obvious 

that the PPO segment fails to compete with the water molecules to adhere to the cellulose 

surface. The PEO segments can be divided into two parts, the dissociative segments in water 

and the affinitive segments on the cellulose surface. The former segments are located at the 

end which stretches into water, and the later segments are found between the former segment 

and the PPO segment. Little water is observed between the affinitive PEO segments and the 

cellulose surface. The affinitive PEO segments are the only contributor to the adsorption with 

the cellulose surface, and are almost the half of the length of the PEO segment. Also, water 

attracts this affinitive segment, so the adsorption of E19P29E19 on the cellulose surface is 

not strong, when compared with the three above configurations. 

 112



 

3.2 The interaction energy of the PWS system 

 The interaction energies obtained with the PWS interaction energy calculation 

method are shown in Table 5.1. The negative interaction energy between two objects is an 

attractive interaction force. 

Table 5.1 The interaction energies between the polymer and the surface affected by water 
Polymer RP6E8 E19P29E19 
Medium vacuum water vacuum water 
Surface PP Cellulose PP Cellulose PP Cellulose PP Cellulose
PS_int 

(kcal/mol) -31.3389 -54.8726 -38.0548 -65.234 -145.978 -154.664 -154.847 -101.158

Std.Dev 4.94 11.69 4.76 13.43 10.31 29.24 n/a n/a 
 
 
 In a vacuum system, both polymers have a higher attractive energy on the cellulose 

surface than on the PP surface, due to the hydrogen bonding between the PEO and the 

cellulose hydroxyls. The butyl group leads to a 70% higher attractive energy with cellulose as 

opposed to PP, because cellulose is lipophilic without water. Due to the limited number and 

MW ratio with E19P29E19, head groups and hydrogen bonding do not greatly contribute to 

the attractive interaction energy. Therefore, the interaction energy of E19P29E19 on cellulose 

is not more than 10% higher than that on PP. These results reasonably support the 

explanation in Section 3.1. 

 In water, RP6E8 and E19P29E19 have a different trend. Water induces a higher 

attractive interaction energy between RP6E8 and the cellulose surface than on PP, but a lower 

interaction energy between E19E29E19 and the cellulose surface than on PP. Upon analysis 

of the configurations in 3.2, the butyl group is more competitive than the water molecules on 

the cellulose surface. Also, the PEO segment is comfortable with the cellulose surface. 
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However, E13P29E19 does not have a high hydrophobic head group and the PPO segment 

fails to compete with water to adsorb onto the cellulose surface. On the contrary, water 

increases the affinity between the PPO segment and the PP surface.  These results reasonably 

support the explanation in Section 3.2. 

  

4. Conclusion 

 The new PWS interaction energy calculation method was proposed in this chapter. 

The calculation results are in good agreement with the configuration results, proving that this 

calculation method is effective and can be applied to complicated PWS systems. 

 In a vacuum, the interaction energies of RP6E8 and E19P29E19 are attractive, and 

they are stronger on the cellulose surface than that on the PP surface, due to the hydrogen 

bonding. The butyl group and the PEO segment play a critical role in the hydrophobic-

hydrophilic competition of water and the surfaces. E19P29E19 is not greatly affected by the 

head groups, and the interaction energy of the cellulose surface is just a small amount larger 

than that of the PP surface. 

 Water results in different interaction energies of both PAG block copolymers. The 

presence of water increases the attractive interaction energy of RP6E8 on the cellulose 

surface, compared with that on the PP surface. However, water decreases the interaction 

energy of E19P29E19 on the cellulose surface, compared with that on the PP surface. These 

results were also observed by Liang16 and Song17. 
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Figure 5.7  The configurations of the RP6E8 and E19P29E19 molecules in 
vacuum on the PP and cellulose surfaces. (a) RP6E8 on the PP 
surface, (b) RP6E8 on the cellulose surface, (c) E19P29E19 on 
the PP surface, (d) E19P29E19 on the cellulose surface. All 
images are the final frames of the NVT dynamics simulations. 
The color sets are the same with Figure 5.2.  
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Figure 5.8  The configurations of the RP6E8 and E19P29E19 molecules in 
water on the PP and cellulose surfaces. (a) RP6E8 on the PP 
surface, (b) RP6E8 on the cellulose surface, (c) E19P29E19 on 
the PP surface, (d) E19P29E19 on the cellulose surface. All 
images are the final frames of the NVT dynamics simulations. 
In each top view of the images, the water molecules are 
invisible for clarity to the PAG polymer molecules. The color 
sets are the same with Figure 5.2. 
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Chapter 6 

Mesoscale Simulations of PAG Triblock Copolymer Morphology  
 
 

Abstract 

The MesoDyn method is adopted to investigate the morphology of a PAG triblock 
copolymer, E19P29E19, in bulk solutions and on the solid-liquid interfaces. Two 
conditions on the solid-liquid interface are considered for triblock copolymers: the 
confined and the confined with shearing. The E19P29E19 chains are formed to 
unique self-assembled structures which are dependent on the solution concentration. 
In a bulk aqueous solution, when the concentration is 10% v/v, micelles exhibit in a 
fashion of PPO blocks inside and PEO blocks outside. While the concentration 
increases to 25% and 50%, the worm-like micelles and irregular cylinders are 
observed in the solutions, respectively. The core radius calculated for the micelles 
with 10% E19P29E19 is 31.1Å, and the aggregation number of N is around 46. The 
formation of micelles occurs during the 1600 time step to the 5700 time step. The 
micelles are also found in aqueous solutions when the solutions are confined by 
cellulose surfaces. The micelle formation under the confined condition is faster than 
that in the bulk solution. At a shear rate of 0.001ns-1, the micelles are deformed and 
eventually broken due to the shearing, resulting in the formation of a wall-like micelle. 
The wall-like micelle structure increases the viscosity of the solution. During the 
shearing of the PP surfaces, the E19P29E19 solutions become adsorbed onto the 
surfaces, and are able to prevent the surfaces from damage due to frictional forces.  
 

 
 
1. Introduction 

There are two commonly used mesoscale simulation methods: mesoscopic dynamics 

(MesoDyn) and dissipative particle dynamics (DPD), which have been developed in the past 

two decades.  Both approaches treat the polymer chains at the coarse-grained level by 

grouping atoms together up to the equivalent length of the polymers. This treatment can 

extend the length of the polymer chains and also increase the time scale of simulation by 

many orders of magnitude in companion to the atomistic simulations. MesoDyn is based on 

the dynamic mean field density functional theory.1, 2 The phase separation dynamics are 
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described by Langevin-type equations for polymer diffusion, and the thermal fluctuations are 

added as noise (random force). MesoDyn has been successfully applied to concentrated 

aqueous solutions of PEO-PPO-PEO triblock copolymers. Meanwhile, in the DPD method, 

particles are subject to conservative, dissipative, and random forces. These forces are 

calculated from pairs of neighboring particles.3 In contrast to classical MD, the DPD method 

employs soft interaction potentials, as a natural consequence of the coarse-grained 

representation, allowing large time scale simulations.1 The time evolution of the system is 

obtained by solving Newton’s equations of motion. The method leads to a correct description 

of Navier-Stokes hydrodynamic behavior.  

MesoDyn was originally developed by Akzo Nobel in the early 1990s, in an attempt 

to solve a stability problem in waterborne coatings4. Since then, it has been greatly expanded 

and applied to many different systems and external conditions, specially in two large 

industrial European research projects, CAESAR and MesoDyn, led by BASF.5 Many 

copolymers produced by BASF were investigated, EO13PO30EO13 by Fraaije et al.5, 

EO13PO30EO13 and EO19PO33EO19 by van Vlimmeren et al.6, EO26PO40EO26 and 

EO99PO65EO99 by Lam and Goldbeck-Wood7, EO13PO30EO13 by Guo et al.8, EO6PO34EO6, 

EO13PO30EO13 and EO37PO58EO37 by Li et al.9, EO20PO70EO20 by Zhao et al.10, 

EO17PO60EO17, EO19PO43EO19 and EO19PO29EO19 by Yang et al.11. Other polymers were also 

studied, such as polyamide 6 (PA6) with poly(vinyl alcohol) (PVOH), poly(vinyl acetate) 

(PVAC), and partially hydrolyzed PVAC12, poly (vinyl alcohol) with poly (methyl 

methacrylate)13, poly(vinyl pyrrolidone) with poly(bisphenol-A-ether sulrone)14. 

 The methodology of mesoscale simulation softwares can be divided into two 
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categories. The first category consists of modeling problems, i.e. finding a mathematical 

model that represents the most important physical features of the mesoscale structures. The 

second category consists of algorithmic and implementation related issues, i.e. given a 

certain model, finding the algorithms that solve the discrete problems accurately and 

efficiently.15 Our focus is on the first category in our work.  

 Finally, two parameters are critical to model the physical features of the mesoscale 

properties: the chain topology and interaction parameters. 

 

1.1 Chain topology 

 The chain topology depends on the degree of coarseness of the original system. For 

each system, there is a specific characteristic length that is related to the Gaussian chain 

length of a component, which is similar to the Kuhn length.7 One constrain is only one bead 

size, i.e. the same length of sections. The other constrain is that the end-to-end distance 

squared of the Gaussian chain and atomistic chain should be the same, which is called the 

equivalent chain method.9 

 For the ExPyEx type of triblock copolymers, the end distribution can be calculated 

with the characteristic ratios as 

 )2()2(2 22222
COCC

PO
COCC

EO llyCllxCr +++= ∞∞     (6.1) 

and the length of the backbone is  

        (6.2) )2)(2( COCCi llyxl ++=∑
 The reported Gaussian chains of triblock copolymer were shown in the following 

table. 
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Table 6.1 Topology parameters for MesoDyn 
Molecular formula Gaussian Chain 
EO6PO34EO6 E3P18E3   9  
EO13PO30EO13 E7P16E7   8, 9 E3P9E3   5, 6 
EO17PO60EO17 E4P18E4   11  
EO19PO29EO19 E4P9E4    11  
EO19PO33EO19 E6P8E6    6  
EO19PO43EO19 E4P13E4   11  
EO20PO70EO20 E5P21E5   10  
EO26PO40EO26 E6P12E6   7  
EO37PO56EO37 E20P31E20  9  
EO99PO65EO99 E24P20E24  7  

  

There are two different Gaussian chains reported for EO13PO30EO13. We found that 

Fraaije and van Vlimmeren defined the beads to be twice larger than that of Gou and Li, so 

that the molecular volume should be the same. 

 

1.2 Interaction parameters of PEO, PPO and water 

 Another critical parameter of MesoDyn is the interaction parameter representing the 

pairwise interactions of beads similarly to what is defined in the Flory-Huggins model. For 

non-polar polymers, the interaction parameter can be simply obtained from the component 

solubility parameters as 

RTVspssp 2)( δδχ −=        (6.3) 

where δs, δp are Scatchard-Hildebrand solubility parameters of the solvent and polymer, 

respectively, and Vs is the molar volume of the solvent. Equation 6.3 has been adopted by 

Yuan et al.16 , Li et al.9, Zhang et al.17, Yang et al.18, Lem et al.7 etc. They calculated the 

interaction using only one pair of components and omitted the cross interaction of multiple 

components as addressed in Chapter 5. However, this approach is not valid for polar and 

hydrogen bonding systems, such as a water-PEO system. Therefore, a different approach is 
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proposed to calculate the interaction parameter from vapor pressure data. 

⎭
⎬
⎫

⎩
⎨
⎧

−−−−= − φφφχ )11()1ln(ln 0
2

Np
p

IJ      (6.4) 

where p is the vapor pressure, φ is the polymer volume fraction, and N is the chain length, 

which is the number of monomers per bead.  

The interaction parameters of PEO-water and PPO-water were previously reported in 

experimental data as 1.4 and 1.7, respectively.2, 5-7, 9 Fraaije et al.2 point out that the PEO-

water interaction parameter was surprisingly high. Guo et al.8 also claimed χEW=1.4 was 

apparently not in agreement with the experimental results. Pedersen and Sommer19 published 

their new experimental data of the chi parameter, χEW=0.35, in semi-dilute solutions of PEO 

at 20˚C. Guo et al. used χEW=0.3,8 which was in closer agreement with Pedersen and 

Sommer’s experimental results.19 Regarding the interaction parameter of PEO-PPO, the 

previous works found that all experimental data were unreliable. Fraaije et al.5 remarked that 

PEO was a unique polymer because it is soluble in water even though it is a member of an 

insoluble homologous series. Recent comparison of molecular dynamics simulation 

discovered a strong influence in hydrogen bond formation, due to the competition between 

water-water and PEO-water non-bonds, making it challenging to calculate the Flory-Huggins 

parameters from the first principle. The interaction parameter of PEO-PPO was roughly 

estimated as a value between 3 and 5 by group contribution method.2, 8-11 The interaction 

parameters reported are shown in the following table.  
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Table 6.2 Interaction parameters for MesoDyn 
References χEW χPW χEP

Fraaije 5 1.4 1.7 3.0 
van Vlimmeren 6 1.4 1.7 3.0 
Zhao 10 1.4 1.7 3.0 
Yang 11 1.4 1.7 3.0 
Lam 7 1.35 1.64 5.0 
Li 9 1.4 1.7 4.0 
Guo 8 0.3 2.1 3.0 

  

The interaction parameter can be obtained from atomic simulations, except for 

receiving the interaction parameter values from experimental and empirical solubility 

parameters.  Spyriouni and Vergelati12 studied the binary blend compatibility of PA6, PVAC 

and partially hydrolyzed PVAC by atomistic and mesoscopic simulation. An equation was 

provided in the atomistic method to obtain the Flory-Huggins parameter as  

mon
mix V

RT
E

⎟
⎠
⎞

⎜
⎝
⎛ Δ=χ         (6.5) 

where Vmon is a monomer unit volume which is set equal to the monomer volume for each 

blend. ΔEmix for a binary mixture means a variation of the cohesive energy before and after 

mixture. It is defined as  

( ) ( ) ( )mixBBAAmix CEDCEDCEDE −+=Δ ϕϕ      (6.6) 

where φA and φB are the monomer volume fractions of A and B. A 200-250 ps NVT ensemble 

was employed to equilibrate the system, resulting in a proper density. The reported 

interaction parameter results were in agreement with values obtained in similar studies. 

However, this method has not been used in an aqueous liquid system because there are strong 

hydrogen bonds. Even the developers of MesoDyn method, Fraaije et al. , used only the 

empirical values of the Flory-Huggins parameters on the pairs of PEO-PPO, PEO-water and 

B

5
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PPO-water. Equations 6.5 and 6.6 were used in an aqueous system by Yuan et al.  , Li et al. , 

Zhang et al. , Yang et al.  etc. They calculated the interaction by only one pair of 

components and neglected the influence of the aqueous solvent.  

16 9

17 18

 In order to create a confined liquid between two solid layers in the MesoDyn model, 

we need to first determine the Flory-Huggins parameters between the solid layer and each 

component Knoll et al.20 experimentally investigated the morphology of a polystyrene-

polybutadiene-polystyrene triblock copolymer in chloroform, on polished silicon substrates 

by scanning force microscope (SFM). In addition, they used MesoDyn to simulate the 

triblock polymer system and found the simulation results in good agreement with the 

experimental results.21 Hovat et al.22 and Lyakhova et al.23 also proved Knoll’s simulation 

results with MesoDyn simualtions. The Flory-Huggins interaction parameters in their system 

were cited directly from Fraaije’s work2, where the Flory-Huggins parameters were 

calculated by Equation 6.3. The system of polystyrene-polybutadiene-polystyrene triblock 

copolymer in chloroform on silicon was not aqueous and so Equation 6.3 worked well. 

Similar research on aqueous systems has not been conducted, probably because of the 

difficulty acquiring interaction parameters between multiple components in the aqueous 

systems with the presence of water in an aqueous system. 

  

2. Simulation parameters  

 In this chapter, we focus on E19P29E19, a PAG triblock copolymer with the 50/50 

weight ratio of PPO and PEO segments. The chain topology is selected as E4P9E4, the same 

as used by Yang et al.11 Yang et al. used the Flory-Huggins interaction parameters that were 
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also adopted by Fraaije et al. 1, 2, 5, van Vlimmeren et al.6,  Zhao et al.10 and Li et al.9 

However, they did not observe the formation of a micelle structure until the E19P29E19 

concentration was increased to 43% v/v, which did not agree with the experimental value. 

Usually micelles are formed below 2% w/v at 40 °C24 (The densities of water and 

E19P29E19 are very close to 1 g/cm3, so v/v is close to w/v). We adjusted the interaction 

parameters properly in order to match the experimental data. The interaction parameters of 

PEO-water and PPO-PEO, χEW=1.4 and χEP=4.0, are selected from Table 6.2, which are the 

same as that of Li et al.9 The interaction parameter of PPO-water is not consistent with the 

previous reports. In fact, PPO is well known to be hydrophobic. The PEO and PPO are 

compatible in the absence of water. Therefore, we consider that PPO has a greater affinity to 

PEO than to water. Accordingly, the interaction parameter of PPO-water was selected as 

χPW=5.0.  

 The interaction parameters between surfaces and polymers are difficult to obtain due 

to the cross interaction between multiple components (discussed in Chapter 5). PWS systems 

were built in Chapter 5, and the interaction energy of PAG block copolymers and two 

surfaces with the presence of water were studied. We adopted the interaction parameters as 

follows: 

PP surface:  χP_PP < χE_PP<χEW<χP_W<=χW_PP then χP_PP=0.3, χE_PP=1.2 and χW_PP=5; 

Cellulose surface: χW_cellulose<χE_cellulose< χEW< χP_cellulose <χPW, then χE_cellulose=0.5, χP_cellulose=3, 

and χW_cellulose=0.2. 

For all MesoDyn simulations in this chapter, a dimensionless time step of 50 ns, a 

noise scaling parameter of 100, and a compressibility parameter of 10 are chosen.  The grid 
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parameter and the bead diffusion coefficient are 1.1543 and 1.0E-7 cm2/s, respectively. The 

dimension of the simulation lattice is 32×32×32 nm. In the simulation lattice, the solid wall 

thickness is set to 32 nm when a pair of surfaces is present to confine the simulation lattice. 

20000 time steps of dynamics and then 5000 time steps of shear were run for the MesoDyn 

models. Three volume concentrations were investigated: 10%, 25% and 50%. Only the 10% 

volume concentration is studied in the confined model with PP and cellulose surfaces. All 

models are simulated at 298 K. 

  

3. Results and discussion 

3.1 Phase morphology of the aqueous E19P29E29 solutions under the bulk condition 

 Figure 6.1 shows the morphology of E19P29E19 in the bulk solution with different 

volume concentrations. Figure 6.1 (a1), (b1) and (c1) are the MesoDyn models, where water 

is defined as red, PEO as blue and PPO as green. In order to show the polymer structures 

clearly, the water phase (red) is removed, shown in Figure 6.1 (a2), (b2) and (c2). Figure 6.1 

(a3), (b3) and (c3) only shows the morphology of the PPO phase. The concentrations of the 

E19P29E19 solutions are 10%, 25% and 50% varied from (a), (b) to (c).  
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(a1)                                              (a2)                                                 (a3) 

 

(b1)                                              (b2)                                                 (b3) 

 

(c1)                                              (c2)                                                 (c3) 

 
 
 

Figure 6.1  Phase morphology of aqueous E19P29E19 solutions under the 
bulk condition. Three concentrations: (a series) 10% v/v. (b 
series) 25% v/v. (c series) 50% v/v. Phase colors: Water—red, 
PEO—blue, PPO—green. All are the final frames after 20000 
time steps. (a1), (b1) and (c1) are the MesoDyn models defining 
water as red, PEO as blue and PPO as green. In order to show 
the polymer structures clearly, the water phase (red) is removed, 
shown in (a2), (b2) and (c2). (a3), (b3) and (c3) only the 
morphology of the PPO phase is shown.  
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 The morphology at a concentration of 10% is clearly found as spherical micelles, 

shown in Figure 6.1 (a1-a3). The PPO blocks aggregate in the core of the spherical micelles, 

while the PEO blocks stay outside and form a shell. The spherical micelles are surrounded by 

the water phase. PPO is strongly hydrophobic; therefore the PPO blocks reside inside the 

PEO shells to avoid contact with water. In a 32×32×32 nm cubic lattice, there are 

approximately 13 micelles. The concentration of E19P29E19 in the aqueous solution is 

approximately 10% and the PPO blocks comprise 50% of the weight segment of one 

E19P29E19 molecule. The average core radius of PPO blocks obtained is 31.1 Å. The 

aggregation number (N) can then be estimated by 

 3

3
4

cPO RVnN ⋅=⋅⋅ π          (6.7) 

where n denotes the repeat unit number, which is 29 here, and VPO is the volume of PO 

monomer, about 95.4 Å3.11 Consequently, the aggregation number of N is approximately 46.  

Figure 6.1 (b1), (b2) and (b3) show the morphology of a 25% E19P29E19 solution. 

Instead of spherical micelles, worm-like micelles are formed. However, the PPO blocks are 

still in the core, constructing a continuous worm-like shape. The shape of the PPO and PEO 

phases appears spindle-like. This result is similar with the morphology of a 30% P84 

polymer solution derived from Yang’s simulation work.11 As the concentration increases, the 

morphology changes from micelles to bi-component structures. 

 When the concentration is increased to 50%, there are more E19P29E19 chains 

present, which contribute to the irregular cylinder shape shown in Figure 6.1 (c1), (c2) and 

(c3). The high concentration increases the contact between molecules and more cylinders are 

assembled. Since the amount of water in the system is decreased, the water phase which is 
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shown is quite small. 

 In the dynamics processes, order parameters can be supervised, indicating a change in 

molecular structures. The order parameter, P, is defined as:11  

[ ]
V

drr
P

V∫ ∑ −
≡ 1

20
1

2
1 )()( θθ

       (6.8) 

where θ refers to the polymer volume fraction and V is the volume of cells. P denotes the 

mean-squared deviation from homogeneity in the system, which captures both the effects of 

phase separation and compressibility.  

 The morphology revolution with the time steps is shown in Figure 6.2.  At the time 

step 1000, the system is disordered. PPO aggregates into small blocks at the time step 1600 

and larger blocks at the time step 3000. There are some micelles formed at the time step 4500. 

Most of the PPO segments aggregate into the spherical cores at the time step 5000. After the 

time step 5700, all PPO segments form stable spherical cores.  

Figure 6.3 shows the order parameter of the 10% E19P29E19 throughout the time 

steps, which exhibits three evolving morphological stages (I, II and III). The first stage (I) is 

the formation of pre-micelles, in which the order parameter and aggregate morphology 

change very little. In the stage II, the order parameter increases from 1600 time step to 5700 

time step, which indicates the rapid formation of large micelles. The stage (II) is critical in 

determining the primary morphology of molecular structures in the solution. The stage III 

allows the micelles time to adjust by overcoming the defects formed in the stage II, in order 

to reach an equilibrium state.  

 At higher concentrations of 25% and 50%, changes in the order parameter are 
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observed and shown in Figure 6.4 and 6.5. The stage (II) and (III) are still observed, in which 

the worm-like and irregular cylinder micelles are developed until in an equilibrium state in 

reached. However, a stage (I) is not seen on the curves, because the rapid formation of 

micelles due to increased number of polymer chains and the increased contacts among the 

chains. The simulation results are not able to show the stage (I). The stages (II) are finished at 

the 750 (for 25%) and 700 (for 50%) time steps. respectively.  

 

 

100                                 1600                                   3000                                    4500 

 

5000                                5700                                   10000                                    15000 

 
Figure 6.2 Time evolution of morphology for the aqueous 10% v/v 

E19P29E19 solution. The time steps from the upper left to the 
lower right are: 100, 1600, 3000, 4500, 5000, 5700, 10000, 
15000.  Only PPO phase is displayed for clarity. 
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Figure 6.3  The order parameter with simulation time steps for 10% 

E19P29E19 solution. The dash lines are at x=1600 and x=5700.  
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Figure 6.4  The order parameter with simulation time steps for 25% 

E19P29E19 solution. The dash line is at x=750. 
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Figure 6.5  The order parameter with simulation time steps for 50% 

E19P29E19 solution. The dash line is at x=700.  
 

 

3.2 Phase morphology of the aqueous E19P29E19 solutions in a confined condition 

 Figure 6.6 shows the morphology evolution of the aqueous 10%v/v E10P29E19 

solution confined by cellulose surfaces as a function of time step. At the time step 100, the 

PPO phase is random, in the middle of the confined lattice, and the morphology is different 

from that of the bulk condition, as shown in Figure 6.2. In the thin slices (3~5 nm) of the 

solutions that interface with the cellulose surfaces, there is not a continuous water phase. The 

PPO segments aggregate to form large blocks at the time step 1600, resulting in the 

appearance of micelles in the confined solution. The formation of micelles is completed by 

the time step 3900. Then the micelles are quite stable in the solution meanwhile, they are 

located away from the surfaces.  The micelles tend to form two layers. For example, there are 

six micelles in each layer at the time step 3900. The two-layer structure is also found at the 
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time step 20000. The difference is that there are five micelles in the first layer but seven 

micelles in the second layer. Interestingly, at the time step 20000, two micelles merge into 

one. The random-walk space of the hydrophobic PPO segments in solutions becomes 

reduced because it is confined by the hydrophilic cellulose surfaces.  

 Figure 6.7 displays the order parameters as a function of time step for the 10% v/v 

E19P29E19 confined by cellulose surfaces. The trend is similar to what is seen in the bulk 

solution, there are three stages: (I) 0—1600 time steps; (II) 1600—3900 time steps; (III) 

3900—20000 time steps. The PPO phase is confined randomly in the stage (I). The stage (II) 

is the primary formation of micelles. However, the stage (II) is shorter than what is observed 

for the bulk solution shown in Figure 6.3. Therefore, the confinement within cellulose 

surfaces may accelerate the formation of micelles.  

   

100                                   1600                                   2000                                    2500 

 

    

3900                                5000                                   10000                                    20000 

 
Figure 6.6 Time evolution of morphology for the aqueous 10% v/v 

E19P29E19 solution confined by cellulose surfaces. The time 
steps from the upper left to the lower right are: 100, 1600, 2000, 
2500, 3900, 5000, 10000, 20000.  Only PPO phase is displayed 
for clarity. 
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Figure 6.7 Order parameter with simulation time steps for 10% E19P29E19 

solution confined by cellulose surfaces.  The dash lines are at 
x=1600 and x=3900.  
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Figure 6.8 Time evolution of morphology for the aqueous 10% v/v 

E19P29E19 solution confined by PP surfaces. The time steps 
from the upper left to the lower right are: 100, 300, 500, 1000, 
1500, 2000, 3000, 20000.  Water phase is removed for clarity. 
PPO—green and PEO—blue. 
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Figure 6.9 Order parameter with simulation time steps for 10% E19P29E19 

solution confined by PP surfaces.  
 

 The morphology of E19P29E19 solution confined by the PP surfaces is shown in 

Figure 6.8. PP surfaces are well known as being hydrophobic.25 At the time step 100, the 

initial condition for confined models is applied and there is not a continuous phase of 

E19P29E19 on the surfaces. Then, at the time step 300 the continuous phase of the PPO 

segments is observed on the PP surfaces, meanwhile the phase separation of PPO and PEO 

occurs in the solution. From the time step 500 to 3000, the thickness of the E19P29E19 layer 

increases until there is no longer a continuous phase of E19P29E19 in the center of the 

confined space. From the time step 3000, the polymers are divided into two layers in the 

lattice. The PPO segments adhere to PP surfaces and form a continuous layer. The PEO 

segments form another layer covering the PPO layer so that the PEO layer is directly in 

contact with water phase (The empty space is occupied by water). 
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 The order parameters of the E19E29E19 solution confined by PP surfaces are 

displayed in Figure 6.9. There is no stage (I) indicating that the polymer aggregation occurs 

rapidly at the beginning of the simulation.  The stage (II) and stage (III) appear to overlap 

each other and there is not an obvious separation between the two stages.  

  

3.3 Phase morphology of the aqueous E19P29E19 solutions confined and sheared 

 As discussed in the previous section, micelles of E19P29E19 are formed in a confined 

lattice without any external force on the system. In order to obtain a better understanding of 

fiber lubrication, an external force is employed in this section to create a shearing movement. 

The top and bottom surfaces (PP or cellulose) are forced to move in opposite directions 

relative to each other at a constant shear rate of 0.001 ns-1. In the simulation method, the final 

frames generated in the last section are directly adopted here to be the initial frame for the 

shear models.  

 

3.3.1 Shearing on cellulose surfaces 

 The morphology of the aqueous 10% v/v E19P29E19 solution sheared by cellulose 

surfaces as a function of the time step is shown in Figure 6.10. The empty space corresponds 

to water in the lattice. In the shear model, at the time step 100 the micelles that formed in the 

confined solutions start to distort due to the applied shear force. There is a rapid decrease in 

the order parameter at the beginning of the simulation shown in Figure 6.11. Then at the time 

step 1000, irregular worm-like micelles are formed and then begin breaking rapidly. Both 

PPO and PEO segments tend to aggregate to form large blocks as the time step increases 
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from 1000 to 2000. In Figure 6.11, there is a dramatic drop in the order parameters as the 

time step increases from 2300 to 2500. A new structure of E19P29E19 polymer in the 

aqueous solution is formed in the lattice, which we refer to as a ‘wall-like micelle’. In Figure 

6.11, the order parameter is found to increase after the time step 2500, and there are still 

some micelle-like structures surrounding the wall-like micelle. Additionally, the PPO cores 

become exposed to water under shearing. At the time step 3500, the E19P29E19 molecules 

merge into wall-like micelles. During the time steps from 3500 to 5000, the wall-like 

micelles grow thinner and wider from the top to the bottom of the lattice. Interestingly, there 

is not a contact between the cellulose surfaces and the wall-like micelle. Therefore, it is 

obvious that there is no permanent absorption of the E19P29E19 on the cellulose surface, 

which is also reported by Song’s QCM measurements25 and Liang’s nanoindentation 

experiments.26  

In order to get better understanding of the properties of the wall-like micelles, 

compressibility energy contribution (CEC) can be obtained using MesoDyn. In the shear 

models, the CEC indexes the viscosity of the solution and is defined as: 27-29  

 
V

TR
Z
PCEC ⋅
==         (6.9) 

where P refers to the system pressure; Z is the compressibility factor, usually a constant; R, T 

and V respectively denote gas constant, temperature and volume. The CECs over time step 

are shown in Figure 6.12. It is found that the CEC increase with time steps, resulting in a 

higher viscosity for the wall-like micelles, and indicating that the E19P29E19 molecules are 

packed with a high viscosity. 
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Figure 6.10 The morphology for the 10% v/v E19P29E19 solution sheared 
by cellulose surfaces. The time steps from the upper left to the 
lower right are: 100, 1000, 2000, 2500, 3000, 3500, 4000, and 
5000.  Water phase is removed for clarity. PPO—green and 
PEO—blue. The yellow arrows denote the shearing directions 
of surfaces. 
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Figure 6.11 Order parameter with simulation time steps for the 10% 

E19P29E19 solution sheared by cellulose surfaces.  
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Figure 6.12 Compressibility energy contribution with the time steps for the 

10% v/v E19P29E19 solution sheared by cellulose surfaces.  
 

 

 Therefore, the aqueous E19P29E19 solution might not be suitable as a boundary 

lubricant used on the cellulose surfaces. There is little of adsorption onto the surfaces and 

bare surfaces could easily wear under boundary lubrication conditions. The high viscosity 

leads to more heat generated by frictional forces which could damage the surface. 

 

3.3.2 Shearing on PP surfaces 

Figure 6.13 shows the morphology of aqueous E19P29E19 solution sheared by the PP 

surfaces. In the time range of MD simulations, the E19P29E19 molecules attach on two PP 

surfaces (upper and lower surfaces) to form layers which fully cover the surfaces. The 

thickness of the layers is measured at 3-4 nm using the image. There is not a significant 

change in morphology among the time steps 100, 1000 and 5000, indicating that the binding 
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interaction is strong enough to withstand the 0.001 ns-1 shear rate. The strong interaction 

between PPO and PP surfaces is in agreement with the conclusions stated in Chapter 5 and 

the experimental results generated from Song25 and Liang26. 

Figure 6.14 displays the order parameter as a function of the time step for the PPO, 

PEO and water.  Although there is a linearly increasing trend over time for the three 

components under the shearing, the changes are actually quite small. This indicates that the 

molecules slowly organize themselves into layers and do not undergo significant change in 

molecular structure under the application of shear.  

 Therefore, the E19P29E19 is an appropriate lubricant for PP surfaces due to the large 

amount of adsorption, as well as the continuous thin layer built up to protect the PP surfaces. 

This layer is vital in boundary lubrication.  

 

   

100                                                    1000                                                5000                    

 
Figure 6.13 The morphology for the 10% v/v E19P29E19 solution sheared 

by PP surfaces. The time steps from the upper left to the lower 
right are: 100, 1000, and 5000.  Water phase is removed for 
clarity. PPO—green and PEO—blue. The yellow arrows denote 
the shearing directions of PP surfaces. 
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Figure 6.14 Order parameter with simulation time steps for the 10% 

E19P29E19 solution sheared by PP surfaces.  
 

 

4. Conclusion 

In this chapter, the morphology of a PAG triblock copolymer, E19P29E19, was 

investigated in bulk solution, under the confined condition and the confined and sheared 

condition. The E19P29E19 chains are found to form unique self-assembled structures that are 

dependent of the solution concentration. 

In the bulk aqueous solution with a concentration of 10% v/v, the micelle structure is 

formed which exhibits in a fashion of PPO blocks inside and PEO blocks outside. When the 

concentration increases from 25% to 50%, the worm-like micelles and irregular cylinders are 

observed in the solutions, respectively. The micelle core radius of the E19P29E19 in the 10% 

solution is calculated as 31.1 Å, and the aggregation number, N, is approximately 46. The 

micelles are formed from the time step 1600 to 5700.  
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 When the aqueous 10% v/v E19P29E19 solution is confined by cellulose surfaces, the 

resulting micelles are located apart from the cellulose surfaces. Cellulose is hydrophilic and 

PPO is hydrophobic. The formation of micelles is faster than what is observed in the bulk 

solution, and merging between micelles is also found. When the solution is confined by 

cellulose surfaces, the random-walk space of the PPO segments increases and there is a high 

probability of the segments to contact each other, resulting in the rapid formation of micelles. 

When confined by PP surfaces, the E19P29E19 copolymers form thin layers adsorbed onto 

the top and bottom of the PP surfaces.  

 The E19P29E19 solution is not only studied in a confined condition without any 

external force, but is also subjected to the application of a shear force. The model frames 

confined by PP and cellulose are used to apply a shear rate of 0.001 ns-1. In the shear model 

of cellulose surfaces, the micelles are distorted due to the shearing. The distorted micelles 

continue to aggregate into the new structure, wall-like micelles, which are not in direct 

contact with the cellulose surface. The order parameter also confirms the dynamics of the 

micelle formation. The compressibility energy contribution (CEC) indicates that the wall-like 

micelle structures lead to a higher viscosity. E19P29E19 is not considered a proper lubricant 

for cellulose surfaces in boundary lubrication. On the other hand, when being sheared by PP 

surfaces, the aqueous E19P20E19 solution does not have a significant change in phase 

behavior. The PPO segments are assembled into two thin films adsorbed to PP surfaces.  

These thin films can prevent the PP surfaces from friction and wear. Therefore, the 

E19P29E19 is a good lubricant for PP surfaces in boundary lubrication.  
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Chapter 7 

Future Work 
 

 

 Future work can include but not limited to: 

(1) Confined amorphous polymer layers 

The amorphous polymers are of great interest because they exist in many applications. 

We have successfully built a confined amorphous layer of cellulose with use of a xenon 

crystal. Except for the pure cellulose discussed previously, there is a large number of 

cellulose derivatives products consumed in industrial and civilian application, such as methyl 

cellulose (MC), hydroxypropyl cellulose (HPC), and carboxymethyl cellulose (CMC), etc. 

The xenon method could be applied to build confined amorphous layers of these cellulose 

derivatives. Furthermore, metal nanoparticles have been introduced in nanofibers made from 

cellulose in the applications of filtration, catalyst, and antibacterial materials, Metal 

nanoparticles can be included in the amorphous polymer layers so that we can investigate the 

effects of nanoparticles on the polymer matrix. 

(2) Contact angle simulations 

 The contact angle models we proposed are on a basis of the comprehensive force field. 

It is proven that a high accuracy can be obtained to predict the contact angles on a surface. 

The shape of water nano-droplet can be obtained from the weight distribution, which 

provides an easy visual tool to investigate the contact angle. Therefore, we can create nano-

droplets made from polymer melts on various surfaces. The simulation results can provide a 

video to discuss the affinity of polymer melts on surfaces. 
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(3) Temperature influence on the single molecule PWS system 

 Temperature is the vital state variable to specify the thermodynamic state of the PWS 

system. To study the trend of intermolecular interaction energy in the PWS system could 

further validate the PWS interaction calculation method and guide the proper temperature in 

experiments. 

(4) PWS system with multiple polymer molecules 

  Multiple polymer molecules can be set in the aqueous solution confined with surface 

to study the configuration of multiple polymer molecules. The self-assembly properties of 

multiple polymer molecules in solution would be helpful to understand the ultra-thin 

polymeric film impacted by surfaces.  

(5) Shear models of MD simulation 

 The shear models in MD simulations are not included in this dissertation. Only 

mesoscale shear models are applied in Chapter 6. MesoDyn shear models could provide the 

morphology information of the lubricant solutions and surfaces. But the atomic information 

can not be obtained. In MD simulations, the PWS interaction can be a dynamic value and the 

polymer configurations can be acquired at the atomic level. Also the velocity profile, the 

temperature profile and the shear stress could be provided to further understand the 

lubrication at nanoscale.  

(6) Flory-Huggins interaction parameters  

 MesoDyn dynamics is based on the Flory-Huggins interaction parameters. The 

interaction parameter with non-aqueous system is obtained. However in the aqueous system, 

we still don’t have a full understanding on the interaction parameters due to the influence of 
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hydrogen bonding. Even the developers of MesoDyn method roughly estimate the interaction 

parameter between PPO and PEO. The interaction energy is discussed in Chapters 4 and 5, 

which is based on the accurate forcefiled. It is interested to build the relationship between the 

interaction energy with the Flory-Huggins parameters.  

(7) Other parameters discussed in MesoDyn models 

 In the MesoDyn models, a few other parameters could be further discussed, such as 

the distance of the two confined surfaces and the solution concentrations. Their relationship 

with the morphology of polymer solutions could be investigated. In addition, the confined 

surfaces could be modified with charged groups. The results can help us to design the 

polymer morphology as the applications require.  
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APPENDICES 

 
 
Appendix 1. The perl script to calculate the interaction energy of two layers 
 
#!perl 
 
# Original Author: Stephen Todd from Acclerys Software Inc., San Diego, CA USA  
# Revised by Hongyi Liu, NCSU, Raleigh, NC USA 
#1. the forcefiel option is added. So it can use COMPASS now. 
#2. Previously this program can not calculate PPO and PEO. The charge Tolerance added. 
#3. The unit of interaction energy is clarified. And we change it as cal/m^2. 
 
########################################################################### 
# This script calculates the interaction energy between two layers in a structure. 
# The layers have to be defined as sets called Layer 1 and Layer 2 - these are the  
# default names assigned by the Layer builder.  
 
# This also uses the default settings for Forcite - ie Universal with current charges.  
# You should change the settings if you want to use another forcefield or summation method. 
 
# This script also assumes that the surface area is in the AB-plane. 
 
# A study table is produced containing the layers, energies, interaction energy, and then 
# the interaction energy per angstrom^2. 
 
# Note. The input trajectory should have a large vaccuum, greater than the 
# cut-off you are using in the non-bond calculation. 
 
use strict; 
use MaterialsScript qw(:all); 
 
########################################################################### 
# Begin user editable settings 
# 
 
my $filename = "Layer";  # Name of the trajectory without extension 
 
# 
# End user editable settings 
########################################################################### 
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# Defines the trajectory document 
 
my $doc = $Documents{"$filename.xtd"}; 
 
# Create a new study table to hold the structures and energies and set the headings 
 
my $newStudyTable = Documents->New("$filename"."_IntEnergy.std"); 
my $calcSheet = $newStudyTable->Sheets->Item(0); 
 
$calcSheet->ColumnHeading(0) = "$filename Cell"; 
$calcSheet->ColumnHeading(1) = "Energy of  $filename Cell"; 
$calcSheet->ColumnHeading(2) = "Layer 1"; 
$calcSheet->ColumnHeading(3) = "Energy of Layer 1"; 
$calcSheet->ColumnHeading(4) = "Layer 2"; 
$calcSheet->ColumnHeading(5) = "Energy of layer 2"; 
$calcSheet->ColumnHeading(6) = "Interaction Energy"; 
$calcSheet->ColumnHeading(7) = "Interaction Energy (cal/m^2)"; 
 
# Get the total number of frames in the trajectory 
 
my $numFrames = $doc->Trajectory->NumFrames; 
 
print "Calculating interaction energy for $numFrames frames on $filename trajectory\n"; 
 
# Calculates the area of the surface based on the surface being in the A-B plane 
 
my $length1 = $doc->Lattice3D->LengthA; 
my $length2 = $doc->Lattice3D->LengthB; 
my $surfaceArea = $length1 * $length2; 
print "The surface area is $surfaceArea angstroms^2\n"; 
 
# Initialise Forcite. If you want to change the settings, you can load them or 
# use a change settings command here. 
 
my $forcite = Modules->Forcite; 
 
$forcite->ChangeSettings([ CalculationQuality => "Medium", 
                           '3DPeriodicElectrostaticSummationMethod' => "Group based", 
                           '3DPeriodicvdWSummationMethod' => "Group based", 
                           CurrentForcefield => "COMPASS", 
                           TotalChargeTolerance=> 0.17, #for EO segment 
                                              ]); 
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# Starts to loop over the frames in the trajectory 
 
for ( my $count=1; $count<=$numFrames; $count++) { 
  
  print "Calculating energy for frame $count\n"; 
     # Define the frame of the trajectory 
     $doc->Trajectorys->Item(0)->CurrentFrame = $count; 
 
     # Create three documents to hold the temporary layers 
     my $allDoc = Documents->New("all.xsd");      
     my $layer1Doc = Documents->New("Layer1.xsd"); 
     my $layer2Doc = Documents->New("Layer2.xsd");  
 
     # Create a copy of the structure in temporary documents and delete 
     # the layers that you don't need. 
 
     $allDoc->CopyFrom($doc); 
 
     $layer1Doc->CopyFrom($doc); 
     $layer1Doc->DisplayRange->Sets("Layer 2")->Atoms->Delete;    
 
     $layer2Doc->CopyFrom($doc); 
     $layer2Doc->DisplayRange->Sets("Layer 1")->Atoms->Delete; 
 
     # Put the structures in a study table for safekeeping 
 
     $calcSheet->Cell($count-1, 0) = $allDoc; 
     $calcSheet->Cell($count-1, 2) = $layer1Doc; 
     $calcSheet->Cell($count-1, 4) = $layer2Doc; 
 
     #Calculate the energies for all the layers and put in the study table 
      
     $forcite->Calculation->Run($allDoc, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 1) = $allDoc->PotentialEnergy; 
      
     $forcite->Calculation->Run($layer1Doc, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 3) = $layer1Doc->PotentialEnergy; 
      
     $forcite->Calculation->Run($layer2Doc, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 5) = $layer2Doc->PotentialEnergy; 
 
     # Calculate the Interaction Energy from the cells in the Study Table 
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     my $totalEnergy = $calcSheet->Cell($count-1,1);     
     my $layer1Energy = $calcSheet->Cell($count-1,3); 
     my $layer2Energy = $calcSheet->Cell($count-1,5);     
      
     my $interactionEnergy = $totalEnergy - ($layer1Energy + $layer2Energy); 
     $calcSheet->Cell($count-1, 6) = $interactionEnergy; 
      
     my $interactionEnergyArea = $interactionEnergy / (6.022 * $surfaceArea); 
     $calcSheet->Cell($count-1, 7) = $interactionEnergyArea; 
           
     # Discard the temporary documents 
      
     $allDoc->Discard; 
     $layer1Doc->Discard; 
     $layer2Doc->Discard; 
} 
print "Calculation complete.\n"; 
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Appendix 2. The perl script to calculate the interaction energies of PWS system 
 
#!perl 
 
# This script calculates the interaction energy in PWS system.  
# three sets in the system: polymer, water, and surface. 
# Reference: http://forums.accelrys.org/eve/forums/a/tpc/f/3091072081/m/3031042881 
 
use strict; 
use MaterialsScript qw(:all); 
 
########################################################################### 
# 
 
my $filename = "filename";                # Name of the trajectory without extension 
 
# To initialize Forcite. 
# To use a change settings command here. 
 
my $forcite = Modules->Forcite; 
 
$forcite->ChangeSettings([      CalculationQuality => "Medium", 
                                 '3DPeriodicElectrostaticSummationMethod' => "Group based", 
                                 '3DPeriodicvdWSummationMethod' => "Group based", 
                                 CurrentForcefield => "COMPASS", 
   TotalChargeTolerance => 0.17, 
                                              ]); 
 
# 
########################################################################### 
 
# To define the current trajectory document 
 
my $doc = $Documents{"$filename.xtd"}; 
 
# To create a new study table to hold the structures and energies and set the headings 
 
my $newStudyTable = Documents->New("$filename"."_IntEnergy.std"); 
my $calcSheet = $newStudyTable->Sheets->Item(0); 
 
$calcSheet->ColumnHeading(0) = "$filename Cell"; 
$calcSheet->ColumnHeading(1) = "Energy of  $filename Cell"; 
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$calcSheet->ColumnHeading(2) = "Surface or Polymer"; 
$calcSheet->ColumnHeading(3) = "Energy of SP"; 
$calcSheet->ColumnHeading(4) = "Polymer or Water"; 
$calcSheet->ColumnHeading(5) = "Energy of PW"; 
$calcSheet->ColumnHeading(6) = "Water or Surface"; 
$calcSheet->ColumnHeading(7) = "Energy of WS"; 
 
$calcSheet->ColumnHeading(8) = "Surface"; 
$calcSheet->ColumnHeading(9) = "Energy of Surface"; 
$calcSheet->ColumnHeading(10) = "Water"; 
$calcSheet->ColumnHeading(11) = "Energy of Water"; 
$calcSheet->ColumnHeading(12) = "Polymer"; 
$calcSheet->ColumnHeading(13) = "Energy of Polymer"; 
 
$calcSheet->ColumnHeading(14) = "Energy of SP cross"; 
$calcSheet->ColumnHeading(15) = "Energy of PW cross"; 
$calcSheet->ColumnHeading(16) = "Energy of WS cross"; 
 
$calcSheet->ColumnHeading(17) = "Energy of Triangle"; 
 
$calcSheet->ColumnHeading(18) = "Energy of SPinteraction (kcal/mol)"; 
$calcSheet->ColumnHeading(19) = "Energy of PWinteraction (kcal/mol)"; 
$calcSheet->ColumnHeading(20) = "Energy of WSinteraction (kcal/mol)"; 
 
#$calcSheet->ColumnHeading(21) = "SP interacton per angstrom^2"; #for solution. 
 
# To get the total number of frames in the trajectory 
 
my $numFrames = $doc->Trajectory->NumFrames; 
 
print "Calculating interaction energy for $numFrames frames on $filename trajectory\n"; 
 
 
 
# Starts to loop over the frames in the trajectory 
 
for ( my $count=1; $count<=$numFrames; $count++) { 
 
         print "Calculating energy for frame $count\n"; 
     # Define the frame of the trajectory 
     $doc->Trajectorys->Item(0)->CurrentFrame = $count; 
 
     # Create three documents to hold the temporary layers 
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     my $total = Documents->New("total.xsd"); 
     my $SP = Documents->New("SP.xsd"); 
     my $PW = Documents->New("PW.xsd"); 
     my $WS = Documents->New("WS.xsd"); 
     my $Surface = Documents->New("Surface.xsd"); 
     my $Water = Documents->New("Water.xsd"); 
     my $Polymer =Documents->New("Polymer.xsd"); 
 
     # Create a copy of the structure in temporary documents and delete 
     # the layers that you don't need. 
 
     $total->CopyFrom($doc); 
 
     $SP->CopyFrom($doc); 
     $SP->DisplayRange->Sets("water")->Atoms->Delete; 
 
     $PW->CopyFrom($doc); 
     $PW->DisplayRange->Sets("surface")->Atoms->Delete; 
 
     $WS->CopyFrom($doc); 
     $WS->DisplayRange->Sets("polymer")->Atoms->Delete; 
 
     $Surface->CopyFrom($SP); 
     $Surface->DisplayRange->Sets("polymer")->Atoms->Delete; 
 
     $Water->CopyFrom($PW); 
     $Water->DisplayRange->Sets("polymer")->Atoms->Delete; 
 
     $Polymer->CopyFrom($PW); 
     $Polymer->DisplayRange->Sets("water")->Atoms->Delete; 
 
     # Put the structures in a study table 
 
     $calcSheet->Cell($count-1, 0) = $total; 
     $calcSheet->Cell($count-1, 2) = $SP; 
     $calcSheet->Cell($count-1, 4) = $PW; 
     $calcSheet->Cell($count-1, 6) = $WS; 
     $calcSheet->Cell($count-1, 8) = $Surface; 
     $calcSheet->Cell($count-1, 10) = $Water; 
     $calcSheet->Cell($count-1, 12) = $Polymer; 
 
 
     #Calculate the energies  
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     $forcite->Calculation->Run($total, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 1) = $total->PotentialEnergy; 
 
     $forcite->Calculation->Run($SP, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 3) = $SP->PotentialEnergy; 
 
     $forcite->Calculation->Run($PW, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 5) = $PW->PotentialEnergy; 
      
     $forcite->Calculation->Run($WS, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 7) = $WS->PotentialEnergy; 
 
     $forcite->Calculation->Run($Surface, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 9) = $Surface->PotentialEnergy; 
 
     $forcite->Calculation->Run($Water, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 11) = $Water->PotentialEnergy; 
      
     $forcite->Calculation->Run($Polymer, [Task => 'Energy']); 
     $calcSheet->Cell($count-1, 13) = $Polymer->PotentialEnergy; 
 
     # Calculate the Interaction Energy from the cells in the Study Table 
 
     my $totale = $calcSheet->Cell($count-1,1); 
 
     my $spe = $calcSheet->Cell($count-1,3); 
     my $pwe = $calcSheet->Cell($count-1,5); 
     my $wse = $calcSheet->Cell($count-1,7); 
 
     my $se = $calcSheet->Cell($count-1,9); 
     my $we = $calcSheet->Cell($count-1,11); 
     my $pe = $calcSheet->Cell($count-1,13); 
 
     my $spintera = $totale - $pwe - $wse + $we; 
     $calcSheet->Cell($count-1,18) = $spintera; 
 
 
     # Discard the temporary documents 
 
     $total->Discard; 
     $SP->Discard; 
     $PW->Discard; 
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     $WS->Discard; 
     $Surface->Discard; 
     $Water->Discard; 
     $Polymer->Discard; 
 
} 
 
print "Calculation complete.\n"; 
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