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ABSTRACT

Copolymers are interesting kind of macromolecules and have found many appli-
cations. Styrene-lsoprene copolymers are used as additives in the fuels to improve
their Viscosity Index (VI). A fuel with a good VI is the one which has low viscosity-
temperature dependence.

| this masters thesis, we have developed a all-atomistic forcefield for these copoly-
mers. The dihedrals and partial charges were calculated using quantum chemical
calculations. MD simulations of the Styrene-Isoprene and Styrene-Isoprene (Hydro-
genated) copolymers with different compositions. The MD simulation data have been
analyzed to provide information about density dependence on the copolymer chain
length in order to find minimum chain length that needs to be used in order to get a
polymeric behaviour. The simulated annealing technique was used for calculating the
glass transition temperatures of different compositions of copolymers. It was found that
both the copolymers have linear density dependence on the copolymer compositions.
Glass transition temperature follows a similar trend for both the copolymers.

N-decylbenzene and n-hexadecane were used as a base oil (diesel surrogates) to
study the viscosity modification property of these copolymers. Our calculations us-
ing Green-Kubo method shows that the copolymers indeed enhance the viscosity of
the base oil. Comparing the block and tapered copolymers, we observed that block
copolymer increases the viscosity comparatively higher than the corresponding tapered
copolymer. Tapered copolymer works better as Viscosity Index Modifier (VIM), as the
viscosity-temperature dependence is lower compared to the block copolymers. The
radius of gyration was observed to be smaller for tapered than block copolymer which
results in a lower interaction of the tapered copolymer with the base oil, hence lower
viscosity enhancement compared to a block copolymer.
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1. INTRODUCTION

Understanding of polymers has been of importance from different perspectives. They
have applications in industry, biological relations, medicines and so on. In this chapter,
we discuss the polymer’s important property of modifying the viscosity of a fluid.

1.1 Polymers as Viscosity Index Modifiers

Rheological properties of hydrocarbons are special interest in the petroleum and au-
tomobile industry. Predicting these properties using computer simulations as well as
theoretical approach has intrigued ample interest in the scientific community.? One
such important property is the shear Viscosity. Refined petroleum oils generally suffer
from changes in viscosity with temperature. An oil should be able to flow at low tem-
peratures to assist in cold starting of the engine. Also at high temperatures it should
not become so thin that it is not able to maintain it's load-bearing properties.®> An ideal
fuel should not have a large change in viscosity with the change in the temperature.
Viscosity Index* (VI) measures the change in viscosity with temperature. Higher the
VI lower the viscosity-temperature dependence. There are different additives that are
added in the base oil to improve its efficiency as well as resistance to different condi-
tions. One such additive which improves the viscosity index is called as Viscosity Index
Modifiers (VIM’s).

Most common VIM’s are polymeric molecules®® which are sensitive to tempera-
ture. Polymers are large molecules comprising of repeated subunits. They have a
wide range of properties. They can be synthetic such as polystyrene, synthetic rubber,
neoprene, nylon, polyethylene or natural polymers such as DNA, wool, natural rubber,
cellulose.

Polymer containing fluids show less reduction in viscosity when compared to the vis-
cosity of the fluid with no polymer. When we add large molecules (polymers) in small
molecules (fuel), the large molecules restrain the motion of small molecules which can
be manifested to the increase in the viscosity. They have a specific hydrodynamic vol-
ume which increases upon the increase in the temperature, hence compensating the
general effect of reduction in the viscosity of fuels with temperature. A compatible sol-
vent is needed to for the Viscosity index improvement as solvent interacts the polymer
links resulting in swelling effect needed for VI improvement. Opposite effect would be
observed in the presence of poor solvent' as shown in fig. (1.1).

The experimental prediction of the viscosity has been pursued but theoretical pre-
diction of this property will result in understanding of this process at a molecular level.
This will help experimentalist in not having to prepare those samples which increase
the cost as well as the hazards involved in preparing those. These models will enable
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Fig. 1.1: Expansion and contraction of a macromolecule’

us to study the properties at extreme conditions otherwise which were not possible in
experimental conditions. We could tweak the topology and composition according to
our liking and test whether the model is better VIM compared to already available ones.
So it is desirable to have a computational model for these widely used viscosity index
modifying polymers and this is the motivation for the project.

Molecular dynamics has emerged to be a powerful technique to study static as well
as dynamic properties of different systems including polymers.?’ In this thesis, we
have worked on the molecular dynamics (MD) simulations of copolymers composed
of Styrene, Cis-1,4 Isoprene and hydrogenated Isoprene (fig. 1.2), the properties of
which described in further sections.

1.2 Polystyrene

Polystyrene is a common commercial polymer and it is most widely studied among
all amorphous polymers. Polystyrene is generally rigid but can be foamed called as
Styrofoams which are used as thermo-insulators. Polystyrene is hard in nature and
also brittle. The inexpensive nature has made it one of the most industrially important
polymer.8-°

1.3 Poly-Isoprene

Cis-1,4 Polyisoprene (PI) is the main constituent of the Natural rubber which can be
also synthesized using petroleum byproducts. The physical properties of the polymer
as the name suggests are unique. The polymer has toughness as well as extensibility.
The polymer can be stretched repeatedly several times. The polymers remain in the
amorphous state without the presence of stress. On being applied the stretching force
the molecules gets aligned in a crystalline arrangement which leads to greater strength
hence also know as "self-reinforcing”. Due to the presence of the double bond, PI re-
acts with oxygen and ozone present in the atmosphere. This leads to degradation of
the polymer mainly rupturing and softening.™®
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Fig. 1.2: (a) Styrene (b) Cis-1,4-Isoprene and (c) Isoprene Hydrogented

1.4 Poly-Isoprene (Hydrogenated)

Polymers made from cis-1,4 isoprene suffers from chemical degradation mainly oxida-
tion. This happens due to reactive double bond in the isoprene. One of many chemical
modification techniques to circumvent this problem is to hydrogenate it and is been
practiced regularly.” The Hydrogenated polyisoprene (IsoH) has similar properties of
Polyisoprene. Chemical modification of polymers such as hydrogenation is used to
reduce the saturation which enhances the thermal resistance of the polymers. Also
it gives the oxidative resistance leading to increase in the life span of the polymers.'?
Hydrogenation removes the double bonds in the molecule which reacts with oxygen
and ozone. Hence greatly improving the thermo-oxidative stability.

1.5 Copolymers

Copolymers are a fascinating class of polymer materials and has interested many sci-
entists and engineers. They are composed of covalently joined two or more non mis-
cible blocks and combines the properties of individual homopolymers. Polystyrene is
rigid and has a high glass transition temperature (Tg4) while polyisoprene is called as
synthetic rubber for its highly elastic behavior and has a low Tg4. Combining the two in
the form of copolymers gives rise to new properties, controlled by the composition of
components and their molecular weight.'® These copolymers mainly Styrene-isoprene
and styrene-isoprene (hydrogenated) have been studied greatly in scientific community
due to their practical uses' '* importantly their use as viscosity index modifier (VIM).

The objectives of the studies are as follows:

e Making a framework for building copolymers of Sty, Iso and IsoH with different
topologies including diblock, random block and tapered.

e Use homopolymer all atomistic models from the literature and use them for copoly-
mers. Calculate the parameters exclusive to the copolymers of Sty, Iso and IsoH.

¢ Predict the densities as well as glass transition temperatures of copolymers with
different compositions.



1. Introduction 4

e Use n-hexadecane (hex) and n-decylbenzene (dec) as a base oil. Validate vari-
ous all-atomistic models and use the best one for the viscosity calculations.

e Predict the viscosity of the solvent (n-hexadecane + n-decylbenzene) and copoly-
mer mixture as a function of composition of the solvent with different temperature
and pressure conditions.

e Compare between viscosity modifying properties of the different topologies of
copolymers such as block and tapered copolymer.



2. THEORY

This section describes the computational methods used for the study of Styrene
(Sty), Isoprene (Iso) and Isoprene-hydrogenated (IsoH) copolymers. We have used
quantum calculations and molecular dynamics simulations for this study. Green-Kubo
method was used for the viscosity calculations.

2.1 Quantum chemical calculations

Ab-initio calculations does not depend on any empirical information such as parame-
ters, potentials and only depends on established laws of nature being quantum me-
chanics in which one tries to solve Schrddinger equation.

Ay = Ey (2.1)

Where 1 is the wavefunction, H is the Hamiltonian and E is the energy of the system.
But only a limited number of systems such as the rigid rotor, harmonic oscillator, parti-
cle in a box and hydrogenic ions have exact solutions. Hence, approximations such as
Hartree-Fock theory where wave-functions are used for the calculations, Density Func-
tional Theory where the electron density is used instead of complicated wave-function
are being used. In our studies, we have used DFT calculations which uses a wave
approach.

i(r) = exp(ik.r)fi(r) (2.2)

Where fi(r) can be expressed in terms basis set. A basis set is a set of non-orthonormal
one-particle functions (basis functions) which are combined in linear form to create a
molecular orbital. With recent advancements in computational resources as well as
efficient algorithms now we can now predict structures, energies, reactivities and many
other properties of molecules at great accuracy. Still, the method is limited to few
hundred atoms.’® Hence, the parameters such as bonds, angles, dihedral potentials,
partial charges are calculated using this method for a small system and used as input
in the molecular dynamics algorithm which enables us to reach higher lengthscales
and timescales. GAUSSIAN program was developed by John Pople.'® We have used
the version 03 for our calculations in this thesis project.

2.2 Molecular dynamics(MD)

Many of the real-life problems that we would like solve, unfortunately, involve big mole-
cules like polymers which are too large to be worked with quantum mechanics. Even
if some of the electrons are ignored like in the semi-empirical methods, still the calcu-
lations will be very time-consuming and the system size will be limited temporally as
well as spatially. Forcefield methods also known as molecular dynamics (MD), ignore
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the electronic motions. These methods calculate the energy of the system based only
on nuclear positions. This enables us to go higher timescales (us) as well as length-
scales (nm). In some cases, forcefield provides the energies as accurate as quantum
mechanics within a fraction of the time.

Most widely used simulations techniques for studying such large systems are Molec-
ular Dynamics (MD) and Monte Carlo (MC). In Monte Carlo methods relies on random
sampling to calculate the probability of different outcomes. MD uses classical new-
ton’s equation of motions to determine the time evolution of positions and velocities.®
Generally, MD methods are preferred over MC methods because these simulations
give essential information about atomistic motions of molecules with time. Theses MD
simulations are dependent on forcefield potential parameters which can be tweaked
according to the property being targeted.

2.2.1 Basic concepts

Before jumping to Molecular Dynamics some basic concepts of statistical mechan-
ics are useful. If we take a particle in a box, then the motion of that particle can be
described using three spatial and three momentum coordinates. This creates a six-
dimensional phase space in which each point defines a state of the system. Now if
we take N number of particles in a box we will have the 3N position as well as 3N
momentum coordinates. This creates 6N dimensional phase space. The system can
be denoted by (p,q), where p and q are generalized positions and momentum for N
particles.

As the system evolves over time through the phase space, the dynamics of the
motion can be described using Hamiltonian H(p,q). The motions can be given by
following equations:

da, _oH(pa) _ ., dp _ OH(p,q)
dt op; dt a9, (2.3)
where i=1,...,N

The particle can only span phase space which is accessible to it by applying statisti-
cal ensemble. For e.g under constant number, volume, energy (NVE) ensemble the
particle can go to the point in phase space which satisfies the condition H(p,q) = E.
The particle can now roam around constant energy surface. Under the constant NVT
ensemble, the system energy is allowed to fluctuate but the temperature is fixed where
the probability of each phase point is proportional to

E x exp (I:B_"A\r) (2.4)

Where kg is the Boltzmann constant, T is the temperature, A is the Helmholtz free
energy of the system. For the isothermal-isobaric (NPT) ensemble the probability of
state is proportional to following term and in the thermodynamic limit all ensembles

produce the same results."®
—PV
E o« exp ( KaT ) (2.5)
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Once we define the ensemble under which the simulation should be performed the
velocities and positions are updated using leap-frog algorithm. Positions at time t and
velocities at time t — t/2 are used to calculate the next positions and velocities using
forces Fi(t) acting on atom i at time t.

x(t 4 dt) = x(t) + d’;—it)(t + dt/2)dt (2.6a)
dx(t) dx(t) d2x(t)
— T d2) = S (- dty2) + = (2.6b)

MD simulations scale as a O(N?) where N is the number of atoms in the simulation.
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Global Molecular Dynamics algorithm

1. Input conditions
Potentials for the interaction between atoms
Velocities and positions of the all atoms in the system

Repeat following procedure for the required number of steps

2. Calculate forces
The force on it" atom

oV

Fi:—a—ri

is calculated using the forces on i" atom due to non-bonded and
bonded pairs, plus any external or restraining forces

Fi=) F
j

Potential and kinetic energies are calculated

3. Updating the configuration
Numerically solve the Newton’s equations to move the atoms to
next position in time t
d2ri Fi

a2z m

|

4. Corrections
Apply boundary conditions, temperature and pressure control as
needed

5. Output
Write properties of interest to get evolution of the system as a
function of time

This becomes computationally expensive for simulating large systems using MD. A
general molecular dynamics algorithm is as above. The forces needed for the calcula-
tion are obtained from forcefield provided for the MD simulations.
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2.2.2 Force-field

A potential energy landscape V(R) or forcefield is required by the MD simulations to
describe atomic interactions during each step of the simulation. Forcefield gives the
mathematical form of potential energy that is used to describe the different types of
interactions between the atoms in the MD simulations. A forcefield has bonded and
non-bonded interaction terms given by following equations.

Vtotal - Vbonded + Vnon—bonded (27)

Vtotal = Vbonds + Vangles + Vdihedrals + Velectrostatic + VvanfderfWaaIs (28)

In our work, we have primarily worked with Optimized Parameters for Liquid Simula-
tions'” (OPLS) all atom force-field. The potential forms used for different bonded and
non-bonded terms used by this forcefield are given below. Bonds are defined by the
simple harmonic equation given by

1
Vo = ske(feq — 1)° (2.9)

Where rg, is the equilibrium bond length and r is the distance between bonded atoms.
The angles are also defined using simple harmonic form

1
Vi = 5Ko(0eq — 6)? (2.10)
Where 0., is equilibrium angle while ¢ is the angle between the two bonds. The di-
hedrals are important for achieving a specific conformation and are defined using the
following function

Vg = ky(1 +cos(ng — ¢s)) (2.11)

Where n is the multiplicity, ¢ is the dihedral angle between two planes obtained by
atoms i,j,k and j, k,| and ¢s is the phase shift. The non-bonded interactions includes
electrostatic as well as the Van-Der-Waals interactions. The total non-bonded interac-
tions are given by

Vo = Z Z(elctrostaticij + Lennard — Jones;)f; (2.12)
i j

Where fj is a fudge factor and is equal to 1.0 except for intermolecular 1,4-interactions
where f;=0.5. The Lennard-Jones potential is a simple pair potential described by

Where ¢ is the the finite distance at which the inter particle potential is zero, ¢ is the
depth of the potential well and r is the distance between i" and j'" atoms. The mixing
rules for o and ¢; are given by

Oijj = (UiiO'jj>1/2 and €jj = (Giifjj>1/2 (214)
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Electrostatic interactions were calculated using Reaction field'® (RF) method. The po-
tential which is given by

iqi [ 1

V(erf) = 3% L— kit — cﬁ] (2.15)
€r ij

Where q; and q; are the partial charges on the interacting atoms. ki is related to the

dielectric constant ¢+ and ¢ is related to cut-off r.

2.3 Green-Kubo Viscosity calculation

There are many equilibrium as well as non-equilibrium methods for determination
of the viscosities of the fluid from MD simulations.'® The equilibrium methods use
pressure or momentum fluctuations? to calculate the viscosity. In our simulations, we
have used Green-Kubo equilibrium method for the calculations of the viscosities of the
fluid containing copolymers and solvent. Green and Kubo?'-??> showed that the shear
viscosity could be determined from the fluctuations in the pressure tensor of a systemin
a thermal equilibrium. Viscosity is calculated by integrating the Green-Kubo formula.?®

V [ee)
1= ot /0 (Pra(to)Paa(to + 1)) dit (2.16)

Where kg is Boltzmann constant. P, V and T are the pressure, volume and tem-
perature of the system respectively. In principle, to use this equation for calculating
viscosity, t should be sufficiently large. But this is not possible to computational limita-
tions. Hence finite time period t' is used for the calculations.

v
n(t) = kBiT /0 (Pxz(to)Pxz(to + t))g,dt (2.17)



3. METHODOLOGY

In this chapter we discuss about the framework used for generating different copoly-
mers including tapered and block, optimization of dihedral parameters and partial charges
using GAUSSIANO3. All-atomistic MD simulations have been used to validate the
forcefield with experimental data using density, glass transition temperature (Tg4) and
viscosity of the copolymers.

3.1 Universal topology

The study focuses on making atomistic co-polymer forcefield having Sty, Iso and IsoH
as constituents of the copolymer. This gives many possible combinations in which
we can form connections between Sty, Iso and IsoH. The different connections such
as Sty-Sty-Sty-Iso-Iso-Iso, Sty-Sty-Iso-Iso-Sty-Sty, Sty-lIso-Sty-Iso are required for de-
scribing the different topologies. Taking into account that the reaction goes through
cationic or radical mechanism, it reduces the different unique connections to 16. The
sixteen different types of residues used in defining the topology are shown in Fig. 3.1.

Fig. 3.1: Different residue types defined in residue topology file

To start with the models for Sty, Iso and IsoH monomers were created using Material
Studio 7. The copolymers were created using the ’build copolymer’ function in the
same.
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3.2 Forcefields

Natural rubber consists of both the cis and trans form but the cis-1,4-polyisoprene is the
major constituent. Both the forms of the 1,4-Polyisoprene have been widely studied in
the scientific community. Different studies such as self-diffusion properties, the temper-
ature dependence of densities, diffusion coefficients? have been done. Many computa-
tional models have been developed for Poly-isoprene?®*25 has been used in many stud-
ies.6:27 The forcefield developed by Sudip et. al?® was used for Cis-1,4-polyisoprene
which is good at producing densities and glass transition temperatures in good agree-
ment with experimental values.

Various computational models?®2° exists for polystyrene, which are good at repro-
ducing the densities at different pressure and temperature conditions. Modeling of this
polymer at the atomistic level, using either MD’:3° or MC3' methods has been widely
practiced. These studies worked on the dynamical as well as structural properties of
bulk polystyrene. The all-atom model developed by Qian et.al.®? is used in our studies,
which is a OPLS-AA based force field.

Hydrogenated isoprene is not a widely studied polymer with very few experimental
studies and no computational studies. So, to start with IsoH polymer was modeled
using the OPLS-AA"" parameters without any modification.

3.3 Dihedral Calculation

The individual forcefields for the homopolymer have all the bonded and nonbonded
terms except the dihedral potential and partial charges for Sty-Iso and Sty-IsoH con-
nections. The dihedrals were calculated using software Gaussian03. The initial struc-
ture was geometry optimised using B3LYP hybrid-functional with 6-31g(d,p) basis set.
A potential energy scan was performed on the geometry optimised structure, in which a
particular dihedral is selected then the structure is optimized and energy is calculated.
Then selected dihedral angle is increased by fixed angle then optimized again giving
the energy of structure with the new dihedral angle. The process is continued till the
dihedral angle is scanned by 360 degrees. The calculations were done using B3LYP
hybrid-functional with 6-31g(d,p) basis set. The results are shown in fig. 3.3 and were
fitted to the function 3.1.

Va(di) = Y Ks(1 + cos(ng — ¢s)) (3.1)
n
Where i, j, k and | are the four atoms connected, n is the multiplicity and ¢s is the

angle which is obtained from fit. In our simulation, dihedral scan with step size of 20°
was performed.

3.4 Partial charge calculation

The partial charges for connecting residues showed in fig.(3.2) were calculated using
CHarges from ELectrostatic Potentials using a Grid-based (CHELPG)3® method. In
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Fig. 3.2: Dihedral required for Sty-Iso connections
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Fig. 3.3: Dihedral scan data for dihedrals 1 (left) and 2 (right) with fit to eq.(3.1)

this method, one tries to reproduce electrostatic potentials by fitting atomic charges
(MESP). 6-311g(d,p) basis set was used with B3LYP hybrid functional.

3.5 GROMACS parameters

The calculated dihedral parameters and partial charges were used to define different
residues in fig. (3.1) in residue topology file (.rtp) of GROMACS 4.6.73* molecular dy-
namics simulations package. Intramolecular nonbonded interactions were calculated
for the atoms separated by at least two or three bonds. The LJ and Coulomb interac-
tions (1,4) were scaled down by a fudge factor of 0.5. Motions of the molecules were
handled using Leap-from integrator. The energy minimizations with a tolerance of 10
KJ/mol/nm were performed using steepest descent algorithm.

3.5.1 NPT and NVT equilibration

The isothermal-isobaric equilibration was done using Berendsen thermostat®® with a
coupling constant of 0.5 ps. The Berendsen barostat® with coupling constant of 0.5
ps and compressibility of 4.5e~° was used in our simulations. All bonds were con-
strained using LINCS?® algorithm which allows us to use higher timestep (2 femtosec-
onds) by constraining high-frequency motions such as bonds. The electrostatic inter-
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actions were calculated using RF method'® beyond the cut off of 1.2nm and dielectric
constant of 4.

Canonical ensemble (NVT) production runs were performed for the viscosity calcu-
lations using same parameters as NPT ensemble but without the Berendsen barostat.
No constraints were applied and the timestep of 0.5 femtoseconds was used.

3.6 Co-polymer chain length

In reality, the polymers are composed of thousands of monomers. Due to computa-
tional limitations, such high chain length and number of polymers can’t be used in the
simulations. Instead, a particular chain length is used such that a particular property
converges and produces a value similar to the experimental value. The study was done
by using monodisperse polymers. A single copolymer chain was energy minimized us-
ing steepest descent algorithm then NPT simulation at pressure 1 bar and temperature
298K was performed on the same single chain. A simulation box was constructed
by randomly inserting polymer chains with final configuration from previous NPT run.
The box packed with polymer chains was again energy minimized. NPT simulation
at temperature 298K and pressure 1bar was performed until the density equilibrated.
The density was calculated from equilibrated simulation box. Same calculation was
repeated with different chain lengths of the copolymer.

The dependence of the density on chain length was studied. The chain length after
which the change in density is minimal was used for further calculations. This chain
length will be a minimum chain length one should use for getting a polymeric behavior.

3.7 Glass transition temperature

Polymers are characterized by their unique glass transition temperature or T4. The
glass—liquid transition is a reversible transition from a hard or solid like state to molten
or rubber-like state and it is reversible. A copolymer has the glass transition tempera-
ture in the range of constituent homopolymer’s Tgs. In this case, polystyrene has a Ty
of 373°C,% polyisoprene has a T4 of 200 °C3® and polyisoprene hydrogenated has a
Ty 0f213 °C.3% Depending upon the compositions, copolymers will show a T4 between
200° and 373 °C for Sty-Iso copolymers and between 213° and 373 °C for Sty-IsoH
copolymers.

Glass transition temperature is highly configuration dependent, so the structure
needs to be highly energy minimized with configuration same or similar to the global
minimum. Simulated annealing is a fast method to achieve a global or approximate
global minimum, during which temperature of the system is raised so that even if the
system is stuck in a local minimum, the system gets enough energy to cross the po-
tential energy barrier. In our simulations, simulated annealing cycle consists of tem-
perature steps of 50 °. The heating cycle started from 150 °, 200 ° to 600 °, 650 °C and
the reverse for cooling. At each temperature, the system was equilibrated for 3ns then
the temperature was ramped up to next temperature within 1ns and the process was
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Fig. 3.4: Density vs Temperature for (Sty)s — (Is0)20

continued. This gives us a heating and cooling rate of 11.36 K/ns. Simulation anneal-
ing cycles (heating and cooling) were performed on all copolymer compositions until
the potential energy of the systems decayed to a constant value. This ensures that
the final system is in a reasonable low-energy state. The final cycle was used for ex-
traction of the coordinates at different temperatures and they were equilibrated using
constant temperature and pressure for 10 ns. This gives us the rate of 4.13 K/ns. We
believe this rate is slow enough to get the approximate value of T, for the final cycle.
The Density vs temperature was plotted.

An example of a T4 calculation for the copolymer (Sty)s — (Is0) is shown in the
figure 3.4. It is observed from the plot that slope of density vs temperature above and
below the Ty is different. The Same effect is observed by dilatometry, DSC and dy-
namic mechanical analysis experiments.® The plot was fitted above and below T4 with
a straight line to get Ty as the intersection point of the two fitted lines. The similar pro-
tocol was repeated for different compositions.

The Tgs calculated for different compositions were fitted with empirical equation
given by Kwei*® for diblock copolymers given that homopolymer’s Tgs are known.

- X1Tg1 + kkw<1 — X1)T92

9 X1 + kkw<1 — X1)
Here x4 and T4y are the mole fraction and glass transition temperature of the ho-
mopolymer having low T4 of the two homopolymers and x,, T4, are the mole fraction

and T4 for homopolymer with higher T4. ki and q are the Kwei’s parameters obtained
from the fit.

+agx1(1 —X4) (3.2)
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3.8 Viscosity calculations

Green-Kubo method as described in the section 2.3 was used for viscosity calculations.
Timestep of 1 fs for the UA model and 0.5 fs was used for the AA model. The final box
volume from the NPT run was used to carry out a constant NVT simulation for a period
of 2 ns. The final coordinates of this NVT run were used for the initial configuration for
ten different constant NVT runs. These short simulated annealing runs were carried
out at different temperatures such as 425, 430, 435, 440, 445, 450, 455, 460, 465 (all
in Kelvin) for calculating viscosity at 423k. The run length at each of these tempera-
tures was 1 ns. The systems were then quenched back to 423K over a duration of 1ns.
The process was done in order to get different independent trajectories. At 423K, a
constant NVT MD trajectory was generated for 3ns in each of these independent runs.
A similar approach was used for calculating viscosity at different temperatures. The
distinct elements of the stress tensor were stored every time step. The stress-stress
time correlation function was calculated using a Green-Kubo analysis code.

The purpose of using ten independent trajectories is to allow us to sample a larger
phase space. This is very important to simulate a collective property like viscosity. In
addition, there is a possibility that in a single trajectory the system may get trapped
in a local minimum configuration which will lead to possibly an erroneous value for
viscosity. This possibility can be mitigated by running multiple independent trajectories
and averaging over their individual viscosities. The number of trajectories that needs
to be considered would depend upon the number of degrees of freedom the system
has. Also, one can carry out simulations of long enough time length and the same
viscosity value could be obtained from that single trajectory which has reached its true
equilibrium.



4. RESULTS AND DISCUSSION

The two copolymers studied are Sty-Iso and Sty-IsoH. We have started with density
calculation as a function of composition. later, we have calculated the gas transition
temperature for each copolymer composition.

4.1 Styrene-lsoprene Copolymer

4.1.1 Densities

The homopolymers of styrenes and Isoprenes were constructed and the density as a
function of chain length was calculated as described in the section 3.6. It can be seen
from the plot 4.1 that the plot plateau’s at (Sty)4o with the density of 1052.5 kg/m? with
an error of 0.24% from the experimental value of 1050 kg/m? at 298K. A similar calcu-
lation was done for polyisoprene which plateau’s for (1s0)49. 1s040 produces a density
of 905.32 kg/m? with deviation of 0.51% from the experimental value of 910 kg/m?3.
We believe the chain length of 10 and 40 is enough for showing a polymeric behavior
for polystyrene and polyisoprene respectively. This exercise was done in order to se-
lect the appropriate chain length for the density, T4 and viscosity calculations. As these
chain lengths give the densities in a good agreement with experimental values, they
were used for glass transition temperature calculations.

Homopolymer forcefields gave good densities compared to experimental data hence
were used for Sty-Iso copolymers with different compositions. After calculating the di-
hedral potentials and partial charges as described in the sections 3.3 and 3.4 different
compositions of copolymers were created using Material Studio 7. Again the for each
compositions, such lets say if a copolymer has a 24.64% Iso content by weight then
different chains such as (Sty)s — (1s0)3, (Sty)s — (1s0)4, (Sty)10 — (1s0)s, (Sty)20 — (150)+0
and (Sty)sp — (Iso)45 could be constructed wherein all the chains have the percentage
of the Iso. Simulations systems were created each with a particular chain length and
densities were obtained after NPT equilibration.

It can be seen from the plot 4.1 that every composition of co-polymers (Sty-Iso) has
a chain length dependence. The fig: 4.2(a) shows the minimum chain length required
for the polymeric behavior and the density obtained with that chain length. Fig. 4.2(b)
shows density density dependence on the composition, the plot follows a linear trend,
which is a characteristic of many block copolymers.

4.1.2 Glass transition temperatures (Tg) :

The chain lengths obtained from the previous calculations were used for the calcula-
tions of the T4 for homopolymers and copolymers. The similar protocol as described
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Fig. 4.1: Dependence of density on the chain length for different compositions of the
Sty-Iso copolymer

in the section 3.7 was used for the T4 calculation for every composition starting with
simulated annealing cycles followed by NPT run (10ns) at each temperature. The de-
pendence of T4 on the composition is plotted in the figure 4.3.

The simulations data follows the similar trend as experimental data.® '* (Sty)4o gives
a T4 of 401 K with a error of 7.71% from the experimental value of 373 K while (1s0)4o
gives a Tq4 of 233 K with a error of 16.59% from the experimental value of 200K. The
T4 vs compositions follows the similar behavior as many copolymers.*' The T, values
are overestimated for the different compositions of copolymers from the experimental
data’® which could be attributed to fast heating and cooling rates of 4.13 K/ns used in
the simulation and has also known to affect the T4's in experimental conditions.*2

The Sty-Iso forcefield results (density and glass transition temperature) are de-
scribed in the table 4.1.
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Fig. 4.3: T4 as a function of composition for different Sty-Iso diblock copolymers

4.2 Styrene-lsoprene(H) copolymer:

4.2.1

The similar protocol as described in section 3.6 was used for calculations of density
dependence on compositions. At298 Kand 1 bar, monomer Isoprene(lso-H) or Isopen-
tane, has a density of 616 kg/m® and simulation gave the density of 630 kg/m? which
is within the acceptable error of 2.22%.%° Again the homopolymers of isoprene hydro-
genated (IsoH) were constructed with different chain lengths and the densities were
calculated. It is observed from the plot 4.4 that the plot plateau’s at (Is0)4. The IsoH
polymer simulations gave a density of 860.76 kg/m? which is in a good agreement with
the value of 856 kg/m? found in the experimental study done by Gotro and Graessley*®

Densities:
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Styrene (Sty)-Isoprene (Iso) copolymer forcefield

copolymer  Iso (%) Density (kg/m®) Density Expt %Err T, Ty Expt® % Err
(Sty)1o 0 1052.56 1052 0.05 401.79 373  7.71
(Sty)10-(Is0)s 24.64 1016.47 386.31
(Sty)s-(Iso)1,  49.52 978.31 366.28
(Sty)s-(Is0)20  72.35 949.14 342.14
(Is0)a0 100 905.32 9104 -0.51 233.19 200 16.59

Tab. 4.1: Simulation results for Styrene-Isoprene (Sty-Iso) forcefield
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Fig. 4.4: Chain length required for density convergence for different compositions of
Sty-IsoH copolymers. Red copolymer is used for further calculations

with a relative error of 0.55%.

Homopolymer forcefields gave good densities compared to the experimental data
hence were used for Sty-IsoH copolymers with different compositions. For each com-
position of copolymer, different chains with varying number of monomers were con-
structed. Let’s say if we want a copolymer with 39.32% IsoH content by weight then
different chains such as (Sty), — (IsoH);, (Sty)s — (IsoH)4, (Sty)s — (IsoH)s, (Sty)+s —
(IsoH)16 and (Sty).4 — (IsoH),4 were constructed. All have the same 39.32% IsoH con-
tent. Styrene was modeled using the same forcefield from previous studies and was
used for copolymers of Sty and IsoH. Same protocol as described in the section 3.6
was used for calculating the chain length dependence on compositions. Plot 4.4 shows
that each composition has different chain length at which the density converges. The
figure 4.4 shows the chain length dependence on the composition. The copolymer la-
bel with red color was used in the further studies.
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Fig. 4.5: Left: (a) Chain length dependence for polymeric behavior Right: (b) Copoly-
mer densities as a function of composition of Sty-IsoH copolymers

The figure 4.5 shows the minimum chain length required for the polymeric behaviour
of the Sty-Iso copolymers. The density as a function of composition follows a linear
trend which is again a characteristic of the block copolymers.

4.2.2 Glass transition temperature (Tg):

Similar protocol as described in section 3.7 was used for glass transition temperature
calculation. T4 was calculated for homopolymer of Iso-H. The value 224.52 K is in good
agreement with the experimental value® of 213.5 K with a relative error of 5.16%. The
T4 vs composition of the copolymer follows a trend which is similar Sty-Iso copolymer
and its is expected to follow similar trend as we have only hydrogenated the isoprene.
Unfortunately, due to the unavailability of the experimental data the trend was fitted
with equation 3.2 with (kxkw=5.68, 9 = —93.61K).

The Sty-IsoH forcefield results (density and glass transition temperature) are sum-
marized in the table 4.1.

Styrene-Isoprene(H) (Sty-IsoH) copolymer forcefield
Polymer Iso (%) Density (kg/m®) Density Expt %Err Ty Tg Expt % Err

(Sty)1o 0 1052.56 1050 0.24 40179 373° 7.5
(Sty)10-(Iso)s  39.32 982.08 372.82
(Sty)s-(Is0)12  72.72 917.63 328.97
(Sty)s-(Is0)20  86.15 892.16 295.68

(Is0)40 100 860.76 8564¢ 0.55 22452 213.5% 516

Tab. 4.2: Simulation results for Styrene-Isoprene (Sty-IsoH) hydrogenated forcefield
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Fig. 4.6: Dependence of T4 on the composition of diblock Sty-IsoH copolymer

4.3 Viscosity Modification

In the coming sections, we study the viscosity modification using the copolymer model
that we have developed in the previous studies. We have only considered Sty-lsoH
copolymers for the viscosity calculations as they are primarily used as a Viscosity Index
Modifier (VIM) in the fuels. The effect of copolymers on the viscosity as a function of
temperature as well as composition of base oil (n-hexadecane and n-decylbenzene)
was studied. A comparative study of the effect of topology of the copolymer on the
viscosity was also done.

4.4 n-hexadecane and n-decylebenzene

n-hexadecane (hex) and n-decylbenzene (dec) were selected as a candidate for the
base oil as they serve as surrogates for diesel. In this study, we have studied molec-
ular dynamics simulations of n-decylbenzene and n-hexadecane using three different
force fields. The simulations were carried out at both at ambient as well as at high
temperature-pressure conditions, to replicate the actual conditions in a diesel injection
system. We have compared our simulation results with experimental values of shear
viscosity in each case.

The base oil (hex and dec) was modeled using a united atom (UA) and two all atom-
istic models (AA) (fig. 4.7). In the UA model, CH; and CH, groups are represented
as two different interaction sites in which hydrogen atoms are assumed to be present
but implicitly. Specifically, we have used TraPPE*® united atom model. The second
forcefield was an OPLS-AA'" model. The modified version of the OPLS-AA forcefield
optimized for long chain hydrocarbons, also known as LOPLS-AA*° forcefield was also
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Fig. 4.7: Different types of models used for Hexadecane and Decylbenzene

used. A comparative study of the density and viscosity at different pressures was done
in order to select the forcefield appropriate for viscosity calculations with copolymers.

441 Densities

A similar protocol as discussed in the section 4.1.1 was used for the density calculation
for both n-dec and n-hex as a function of pressure. We have simulated the system till
the pressure 2000 bar at a constant temperature of 423K. The results are showed in
the fig. 4.8. We can see that for hexadecane, UA model over predicts the density with
all the densities within the acceptable error of 2%. Both AA atom models under predicts
the densities. In the case of AA models, OPLS-AA does a better at lower pressures.
At the higher pressure of 2000 bar both the AA forcefields have deviated by 3.77%
and 3.28% for OPLS-AA and LOPLS-AA respectively. Hence, the UA model is favored
over AA models due to better densities at different pressure conditions.

Hexadecane Density vs Pressure Decylbenzene Density vs Pressure
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Fig. 4.8: Density dependence on pressure for n-hexadecane (left) and n-decylbenzene
(right) for different models at 423K.

In the case of n-decylbenzene, UA model again over predicts the densities with a
deviation of within 1% from the experimental values. In the case of AA models, both of
them under-predicts the densities. OPLS-AA does a better job at the lower pressure
of 1bar with an error of 1.35% while LOPLS-AA giving an error of 3.37% from the ex-
perimental value of 768 kg/m?3. At high pressures of 500, 750 and 2000 bar both AA
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forcefields behaves similarly. The error was 2.11% and 2.41% from the experimental
value of 887.4 kg/m? at 2000 bar for OPLS-AA and LOPLS-AA respectively. The re-
sults show that UA model is better at producing densities for n-decylbenzene as well
as n-hexadecane at different pressure conditions with a constant temperature of 423K.
The results are summarized in the table 4.3.

n-decylbenzene and n-hexadecane density
Molecule Pressure p (expt)® (kg/m®) OPLS-AA LOPLS-AA TraPPE-UA

n-dec 1 bar 768.3 757.91 742.40 765.97
n-dec 500 bar 810 800.40 792.03 813.68
n-dec 750 bar 826.4 815.41 808.95 830.98
n-dec 2000 bar 887.4 868.67 866.0 890.26
n-hex 1 bar 683.3 672.55 665.0 694.41
n-hex 600 bar 743.2 727 .42 727.73 755.67
n-hex 2000 bar 821.7 790.71 794.68 830.0

Tab. 4.3: Density results for n-hexadecane and n-decylbenzene at 423 K

4.4.2 Viscosity of Decylbenzene and Hexadecane

The forcefields were used for calculating the viscosities using Green-Kubo method
(2.3) as described in section 3.8 at 423K with varying pressures. They were compared
with experimental data. The plot 4.9 shows the viscosity of n-hexadecane calculated
from 10 independent trajectories at different pressure conditions. It can be seen that,
all the three models do fairly well at the lower pressure of 1 bar while under-predicting
the viscosities at higher pressures. UA model performs badly at high pressures of
2000 bar with an error of 75%.%° Within the two AA models, better performance was
expected from the LOPLS-AA model as the parameters are optimized for long chain
hydrocarbons but the opposite was observed from the viscosity studies.

A similar behaviour was observed for n-decylbenzene. It can be seen from the
plot 4.10 that both the AA models are giving good results at ambient pressure con-
ditions (423K) with a deviation of 3.37% (LOPLS-AA), 4.4% (OPLS-AA) and 10.45%
(TraPPE-UA) from the experimental value of 0.61 mP.>® UA model again under-predicts
the viscosities compared to both the AA models at higher pressures. In the case of AA
models, OPLS-AA gives marginally better results at higher pressures.

Comparing the density results for both n-decylbenzene and n-hexadecane, TraPPE-
UA does better while performs badly in the viscosity calculations at higher pressures.
In the case AA-models, both gives similar density results but OPLS-AA does better in
the viscosity calculations at higher pressures. Hence, OPLS-AA model was used for
the viscosity calculations involving copolymers and solvent. The results are summa-
rized in the table 4.4.
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Fig. 4.9: n-hexadecane (hex) viscosity with different forcefields at 423K

n-decylbenzene and n-hexadecane viscosity
Molecule Pressure 7 (expt)®®° (mP) OPLS-AA LOPLS-AA TraPPE-UA

n-dec 1 bar 0.61 0.583 0.610 0.546
n-dec 500 bar 1.3 1.192 1.042 0.874
n-dec 750 bar 1.92 1.545 1.391 0.914
n-hex 1 bar 0.42 0.417 0.366 0.431
n-hex 600 bar 1.02 0.995 0.911 0.746
n-hex 2000 bar 3.49 2.860 2.572 0.854

Tab. 4.4: Viscosity of n-hexadecane and n-decylbenzene at 423K

4.5 Solvent compositions

In an oil, a composition of n-decylbenzene and n-hexadecane is used. Hence, the
model should also give good viscosity results for different compositions of n-dec and n-
hex. The OPLS-AA was used for the viscosity calculations for the solvent composition
as it gave good results for individual density as well as viscosity calculations. Different
compositions in ratio such as 0.2:0.8, 0.4:0.6, 0.6:0.4 and 0.8:0.2 (n-decylbenzene:n-
hexadecane) were made. The total number of molecules in all the compositions were
200.

Similar protocol as described in the section 3.8 was used for these calculations.
Viscosity calculation was performed at 423K and 1 bar. The plot 4.11 shows that the
OPLS-AA forcefield is able to reproduce the experimental data.>® The same forcefield
was used for solvent plus copolymer viscosity calculations. The results are summa-
rized in the table 4.5
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Fig. 4.10: Viscosity of n-decylbenzene with different forcefields at 423 K

n-decylbenzene and n-hexadecane binary mixture viscosity
n-dec (mols) n-hex (mols) 7 (expt)®® (mP) Sim. () (OPLS-AA) % err

200 0 0.61 0.592 -2.95
3200 800 0.57 0.584 2.45
2400 1600 0.59 0.587 -0.50
1600 2400 0.57 0.564 -1.05
800 3200 0.57 0.560 -1.75

0 200 0.42 0.417 0.71

Tab. 4.5: Viscosity results for n-hexadecane and n-decylbenzene mixtures at 423 K

4.6 Co-polymer and base oil

The copolymers Sty-Iso and Sty-IsoH are used as Viscosity Index Modifiers (VIM'’s),
hence, the important property that needs to be investigated is Viscosity modification by
these copolymers. In these studies, we have particularly considered the copolymers of
Sty-IsoH as they are being used preferentially over the copolymers of Sty-Iso because
of the better VI modifying properties. The effect of different topologies such as block
and the tapered copolymer was studied. The figure 4.12 shows the block and tapered
copolymer used in this study. A single chain of both of them contains exactly the same
number of Styrene and Isoprene(H) monomers.

4.6.1 Effect of topology

The effect of adding 10 copolymers in the different compositions of the n-hexadecane
and n-decylbenzene at 423 K and 1 bar was studied. (Sty),; — (IsoH),¢ and Tapered,;
was used for the study. From the fig. 4.13 it can be seen that with the addition of
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Fig. 4.11: Solvent (n-dec + n-hex) viscosity with different compositions at 423K

copolymers there is indeed enhancement in the viscosity when compared with pure
base oil. The block copolymer gives higher viscosity enhancement compared tapered
copolymer.

At 80% hexadecane content, the increase in the viscosity is minimal while at 20% it
is relatively high. This shows that viscosity modification is mostly dependent on the n-
decylbenzene content as the number of styrene monomers in each (block and tapered)
copolymers are same. We believe the stacking interactions between styrenes of the
copolymer and n-decylbenzene are responsible for the higher viscosity enhancement
in the compositions of solvent with higher percentage of the n-decylbenzene.

4.6.2 Effect of temperature

We have studied the effect of temperature on the viscosity of the four systems con-
taining 2000:2000 molecules mixture of n-dec and n-hex with 10 and 5 copolymers of
(Sty)21 — (IsoH)24 and Tapered,, each. The viscosity was calculated using the proto-
col described in the section 3.8. The calculation was done at three temperatures being
373 K, 423 K and 473K at 1 bar pressure.

The plot 4.14 shows the effect of number and topology of copolymers on viscosity
with respect to the temperature. We can see that viscosity is dependent upon the con-
centration of the copolymers. Block copolymer has higher viscosity enhancement with
10 block copolymers (blue) compared to 5 block copolymers (red). Similar results are
observed with tapered copolymers showing higher viscosity with 10 tapered copoly-
mers (green) compared to five (black). A good viscosity index modifier (VIM) should
improve the Viscosity Index (VI) of the fluid, meaning the viscosity dependence with
temperature should be small. Even though the viscosity modification is higher in the
case of block copolymers the slope of the viscosity vs temperature plot is lower for ta-
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Tapered copolymer

Fig. 4.12: Block and tapered copolymer models

pered copolymer with both ten and five copolymers. Hence the viscosity-temperature
dependence is lower for the tapered copolymers. Therefore we can conclude that the
tapered copolymers is a better Viscosity Index Modifier (VIM).

The radius of gyration (Ry) (section: A.1) gives the idea about the size of the
molecule. The R, for each of the copolymer (block and tapered) was calculated from
10 independent trajectories. From the plot 4.15a it can be seen that block copolymer
has higher Ry at all the temperature conditions compared to the tapered copolymer.
Same was observed from the end-to-end (ete) distance plot 4.15b which gives infor-
mation about the distance between one end of the copolymer from the other. Both
the Ry and the ete are higher in the case of block copolymer suggesting larger size of
the copolymer leading to higher interactions with solvent, hence the higher viscosity
enhancement.
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5. CONCLUSIONS

Copolymers are interesting kind of macro-molecules which give similar properties of
the constituent homopolymers and have found many applications including as addi-
tives in the fuels. With two extra dihedrals and partial charges, we have developed
an all-atomistic forcefield for Styrene-Isoprene copolymers. Using 16 different types
of residues, we have made a framework for constructing different types of topologies
including block and tapered copolymers.

It was observed that each copolymer has a chain length dependence on density
which plateau’s after a particular chain length. This chain length should be minimum
one should use in an MD simulation. The similar study was repeated for different com-
positions of the copolymer. The polyisoprene and polystyrene densities were in very
good agreement with experimental values. The densities of the copolymer with differ-
ent compositions shows a nice linear relationship, which is characteristic of copolymers.
Glass transitions temperatures of the Sty-Iso copolymers were also in good agreement
with experimental values with a similar trend.

In the case of Styrene-Isoprene hydrogenated copolymer, a similar study was done
in order to find minimum chain length for polymeric behaviour. The homopolymer den-
sities were in good agreement with experiments within 1% error. The density as a
function of the composition of copolymers follows a linear trend. T4's obtained for
homopolymers were in good agreement with an error of 4.42% for polyisoprene hy-
drogenated and 4.5% for polystyrene. The trend was similar to the Sty-Iso copolymer
results. Again the T, as a function of composition was fitted with Kwei’s relation. Hav-
ing obtained the densities and Tg’s, the viscosity modifying properties of the Sty-lsoH
copolymer studied using Green-Kubo method.

Diesel surrogates n-hexadecane and n-decylbenzene were used as base fuel. Dif-
ferent forcefields such as LOPLS-AA, OPLS-AA and TraPPE-UA were used. OPLS-AA
did better in viscosity properties of the base oil than UA model and marginally better
than LOPLS-AA forcefield. Hence, the OPLS-AA was used for the viscosity calcula-
tions. The addition of copolymers to the base oil indeed increases the viscosity of the
fluid mixture which is also dependent on the copolymer concentration. The viscosity
enhancement was observed to be higher with the higher content of n-decylbenzene
in the mixture, which suggests that the benzene stacking interactions are important in
viscosity modification for these copolymers. The viscosity enhancement in the case of
block copolymers was higher compared to a tapered copolymer with exactly the same
number of styrenes and isoprenes(H) in a chain. The Ry and the end-to-end distance
results suggest that the block copolymer is bigger in size compared to the tapered
copolymer, resulting in a higher number of interactions with the fuel and hence the vis-
cosity enhancement.
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In conclusion, equilibrium molecular dynamics (MD) simulations can be used to
calculate the viscosity of the complex fluid such as copolymer and fuel. One needs to
span the whole phase space in order to get approximately correct viscosity estimation.
Using Green-Kubo method one can get viscosity estimation of the solvent within the
relative error of 5% from the experimental values for the all-atom as well as united atom
forcefields at ambient pressure and high temperature conditions of 423 K. But the vis-
cosity prediction at higher pressures is still a challenge. Our viscosity simulations were
limited to the pressure of 1 bar as all the forcefields we tried could not reproduce the
experimental viscosity at high pressures after 750 bar, united atom model being highly
erroneous of all. This could be achieved by fine tuning the forcefields or implementing
other viscosity prediction methods such as Transverse Current Autocorrelation func-
tion (TCAF).

In future, the atomistic model of the copolymers will be used to develop course
grained models, in which one represents a group of atoms as a one bead. This dras-
tically reduces the computational cost and allows us to reach higher lengthscales as
well as timescales. This could be used to screen several VIMs with different topologies
and chemistries to identify high performance materials.
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Appendix A

A.1 Radius of gyration (R,)

Radius of gyration gives the idea about dimensions of the polymer chains and is given

by 1
_ (i lInilPmi\ 2
= (S -

where m; is the mass of atom i and r; the positions of atom i with respect to the center
of mass of the molecule.

A.2 End to end distance

End to end distance is the distance between the polymers starting residue and the last
residue. It helps us to understand if the polymer is in globule state or the extended
state.

A.3 Forcefield parameters:

Fig. A.1: Sty, Iso and IsoH models
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Molecule Atomtypes o (nm) e (kj/mol)
Isoprene CP 0.35 0.276144
HP 0.25 0.12552
Styrene C 0.3207 0.294
CB 0.355 0.294
H 0.2318 0.318
HB 0.242 0.126
Isoprene(H) CP 0.35 0.276144
HP 0.25 0.12552
Tab. A.1: Lennard-Jones parameters
Molecule Bonds ro (Nnm) Ko (kj/mol)
Sty-Iso CP-C 0.1529 224262.4
Sty-IsoH CP-C 0.1529 224262.4
Isoprene CP-CP 0.1529 224262.4
CP-HP 0.109 284512
Styrene CB-H 0.108 200000
C-CB 0.151 265646
C-C 0.153 259780
Tab. A.2: Bond parameters
Molecule Angles o Ko (kj/mol)
Isoprene CP-CP-CP 112.7 488.273
CP-CP-H 110.7 313.8
H-CP-H 107.8 276.144
Styrene CB-CB-CB 120 376.6
CB-CB-C 120 376.6
CB-CB-H 120 418.8
C-C-C 109.45 366.9
C-C-H 109.45 366.9
H-C-H 109.45 306.4
Sty-Iso CP-C-C 109.45 366.9
CP-C-CB 109.45 482.3
C-CP-CP 109.45 250
Sty-IsoH CP-C-C 109.45 366.9
CP-C-CB 109.45 482.3
C-CP-CP 109.45 250

Tab. A.3: Angle parameters
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Molecule Dihedral Type Parameters (kj/mol)
Isoprene CP-CP-CP-CP Ryckaert-Bellemans 2.929, -1.464, 0.209, -1.6736,

0,0
CP-CP-CP-HP Ryckaert-Bellemans  0.6276, 1.8828, 0, -2.5104, 0, 0
Styrene C-C-C-C Fourier dihedral 0,0,12,0
C-C-CB-CB Fourier dihedral 0.3782, -4.5713, 0.3254, 0
Sty-Iso CB-C-CP-CP Ryckaert-Bellemans 2.929, -1.464, 0.209, -1.6736,
0,0
C-C-CP-CP Ryckaert-Bellemans 2.929, -1.464, 0.209, -1.6736,
0,0
Sty-IsoH CB-C-CP-CP Ryckaert-Bellemans 2.929, -1.464, 0.209, -1.6736,
0,0
C-C-CP-CP Fourier dihedral 0,0,12,0

Tab. A.4: Dihedral parameters
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