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Abstract 

In this report the statie and dynamical properties of atactic polystyrene (PS) are stud
ied using molecular dynamics (MD) simulation and an all-atom model with the COMPASS 
forcefield [1] inside the commercial software Materials Studio [2] . The results for the statie 
properties ( characteristic ratio, structure factor and thermal expansion coefficient), are com
parable with experiments [3] [4] [5] and large-scale MD simulation using an united-atom model 
[6][7][8][9]. The density of the equilibrated simulation box is smaller than the experimental 
density of PS. This has an effect on several studied properties, but the model seems to be 
self-consistent. The so-called polymerization peak in the X-ray scattering pattern was found, 
which was not found by previous all-atom simulations [7]. 

Translational and rotational mobility were studied. For T » T9 the translational and 
rotational mobility results gave comparable results as obtained with united-atom simulations 
[6][9][10][11][12]. Mode-coupling theory was used to study both translational and rotational 
mobility. It was found that the relaxation times of the rotational a-relaxation followed the 
same power law, for T » T9 , as the translational a-relaxation. Our results however have a 
large error and more statistics is needed to make conclusive remarks. 

Finally mechanica! properties were studied, mainly by stress-strain behavior. Again our 
results give a qualitative view comparable with experimental data [5]. 



Technology Assessment 

Polystyrene is a commonly used plastic, probably only polyethylene and polypropylene 
are more common in our everyday life. Most experimental properties of polystyrene are well 
known by experiment. Computer simulations on polystyrene can extend the knowledge of the 
behavior of polystyrene in extreme temperature and pressure conditions. Also the simulation 
model can be tested and optimized with our experimental knowledge. After this optimization, 
new and not yet existing materials can be studied for useful properties, without the high costs 
of fabricating these materials. In this report the commercial simulation pack Materials Studio 
is used and compared to other large-scale computer simulations. Good commercial software 
can reduce the research costs for the industry enormously and give a better insight in the 
used methods. 
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Chapter 1 

Introduction 

Polymer research Polymer science was bom in the great industrial laboratories of the 
world in the need to make and understand new kinds of plastics, rubber, fibers and paints. 
Probably due to its origin, polymer science tends to be interdisciplinary, combining chem
istry, engineering and physics. Chemically, polymers are long-chain molecules of very high 
molecular weight, often consisting of thousands of monomers. The first polymers used were 
natural products, such as cotton, proteins and wool. Beginning early in the twentieth century, 
synthetic polymers were made. These polymers showed tremendous possibilities, however the 
relationships between the chemical structures and the physical properties that resulted were 
not understood. The research that ensued forms the basis for physical polymer science. Since 
that day a theoretical framework is created, which together with experiments gives us a better 
understanding in the behavior of polymers. In the last decades also computer simulations 
have made their appearance in polymer physics. Computational physics has been said to 
constitute a third way of doing physics, comparable to theory and experiment. Before com
puter simulations were available, approximate theories were used to provide an estimate of 
the properties of interest. Computer simulations however can obtain essentially exact results 
for a given model. Computer simulations have both theoretical and experimental aspects. 
On the one hand, we can compare the calculated properties of a model system with those of 
an experimental system: if the two disagree, the model has to be improved. On the other 
hand, we can compare the result of a simulation of a given model system with the predictions 
of an approximate analytical theory applied to the same model. If we now find that theory 
and simulation disagree, we know that the theory is flawed. So here we use the computer 
simulation as experiment to test the theory. 

The most common application of computer simulation is to predict the properties of 
materials. The need for such simulations may not be immediately obvious, because the 
properties can also just be measured in the lab. But simulations can give reliable predictions 
when experiments are not possible or very difficult, e.g. at very high or low temperatures or 
pressures. In addition, we can use computer simulation to predict the properties of materials 
that not yet have been made. 

Statistica! mechanics In classical systems the microscopie state of a system is character
ized by points in phase space v(rN,pN) = (r1,r2, ... ,rN,P1,p2, ... ,pN), where ri and Pi are 
the coordinates and conjugate momenta, respectively, for particle i. The flow in phase space 
is determined by the time integration of Newton's equation of motion. A basic concept in 

5 
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statistica! mechanics is that if we wait long enough, the system will eventually travel through 
all the microscopie states with constraints we imposed to control the system. The assembly 
of all possible microstates - all states consistent with these constraints ( characterizing the 
system macroscopically) is an ensemble. For example, the microcanonical ensemble is the 
collection of all states with fixed total E, fixed volume V and number of molecules N. With 
the help of statistica! mechanics macroscopie quantities can be calculated from the positions 
and momenta of all the particles in the system. 

Monte Carlo and Molecular Dynamics simulation There are essentially two ap
proaches to performing molecular simulations: the stochastic and the deterministic. The 
stochastic approach, called Monte Carlo (MC), is based on exploring the energy surface 
by randomly probing the geometry of the molecular system (or, in a statistica! mechanics 
language, its configuration space). The deterministic approach, called Molecular Dynamics 
(MD), actually simulates the time evolution of the molecular system and provides us with the 
actual trajectory (atomie positions and velocities as a function of time) of the system. The 
information generated from simulation methods can in principle be used to fully characterize 
the thermodynamic state of the system. In practice, the simulations are interrupted long 
before there is enough information to derive absolute values of thermodynamic functions, 
however the differences between thermodynamic functions corresponding to different states 
of the system are usually computed quite reliably. In molecular dynamics, the evolution of 
the molecular system is studied as a series of snapshots taken at close time intervals ( usually 
of the order of femtoseconds). For large molecular systems the computational complexity is 
enormous and supercomputers have to be used to perform simulations spanning long enough 
periods of time to be meaningful. Typical simulations of small polymers cover the range of 
10 - 1000 of picoseconds, i.e., they incorporate thousands of elementary time steps. The big 
advantage of MC dynamics is that the configuration space of a system can be scanned much 
faster than by MD dynamics, because non-physical moves are allowed. 

In the last decades the computing force has grown so rapidly, that molecular dynamics 
simulation of small polymers carne into reach. In recent years the use of MD computer 
simulation methods has increased our understanding of the structural and dynamic behavior 
of materials at high pressures and temperatures. MD simulations covering the rather wide 
time interval from femto- to nanoseconds are now widely used for simulation of many different 
polymers. We choose the MD method because we want to produce an exact (or at least close 
to it) solution of the equations of motion for times corresponding to correlation times of 
interest (e.g. translational and rotational mobility). Also we examine the infiuence of the 
temperature on the structure, so molecular mechanics (T = 0 K) can only be used as input 
for further MD simulations. 

Polystyrene In this study molecular dynamics simulations are clone with polystyrene (PS). 
Polystyrene is a commonly used plastic, probably only polyethylene and polypropylene are 
more common in our everyday life. Polystyrene is found everywhere. It comes in many shapes 
and forms , from foam egg cartons and meat trays, to soup bowls and salad boxes, from coffee 
cups and utensils to CD "jewel boxes" and from produce trays to "peanuts" used in packing 
and the lightweight foam pieces that cushion new appliances. In fig. 1.1 the monomer styrene 
and the polymer polystyrene are drawn. As can be seen the monomer consists of two carbon 
atoms on the backbone, and of the four sidegroups there are three with a hydrogen atom and 
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one with a benzene ring. A monomer consists of 8 carbon atoms and 8 hydrogen atoms. In 
this report polystyrene with 10 - 80 monomers is studied. The carbon atoms at both ends of 
the backbone have hydrogens at all three sidegroups. In our model polystyrene has a head-to
tail chain configuration, which means that two neighbor carbon atoms in the backbone never 
both have a benzene ring as sidegroup. There are two types of polystyrene, syndiotactic and 
atactic polystyrene, see fig. 1.2. As can be seen in this figure syndiotactic PS has a regular 
structure and atactic PS (a-PS) is irregular. We study atactic polystyrene, which due to 
its irregular structure is amorphous. Atactic PS is transparent and has excellent clarity and 
brilliance. lt has very high electrical resistivity and low dielectric loss. lt is soluble in a wide 
range of organic solvents, e.g. aromatic hydrocarbons, ketones and chlorinated hydrocarbons. 
lt is a hard, stiff, glassy material with a typical tensile strength of 50 MPa, an elongation at 
break of 1 - 2 % and a tensile modulus of rv 3 GPa, all at room temperature. However, it is 
a brittle material. 

At room temperature PS is in the glassy state, which is why the investigation of its 
dynamica! properties and their connection to the glass-transition temperature T9 (rv 373 K), 
is rather important . A lot of properties of polystyrene are already known from experiments 
[3]. Also polystyrene is already successfully studied by MD simulations [6] [7] [8] [9] [10], 
but mainly by using a united-atom model (no hydrogen atoms, only modified carbon atoms). 

H H 
'i. ""'*.' C= 1,..,. 
'. \ H ~ 

lQJ 
Figure 1.1: The monomer styrene (left) and the polymer polystyrene (right) , with n the 
number of monomers. 

Figure 1.2: Syndiotactic polystyrene (left) and atactic polystyrene (right). 
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This research uses an all-atom model (with explicit hydrogens), see also [7], to see if it can 
reproduce experimental and simulation (united-atom model) results. 

Software: Materials Studio In this report we perform computer simulations with the 
commercial software Materials Studio v2.0 from Accelrys Ine. Most of the mentioned MD 
simulations are clone with personally developed codes. In the industry however software from 
Accelrys is more and more used to study the properties of materials. Materials Studio is a 
program which has a clear graphical interface and can use multiple modules for molecular 
mechanics, molecular dynamics, quantum calculations, etc. This study is used to explore 
the possibilities of Materials Studio in comparison with other MD simulations. In chapter 2 
Materials Studio is treated in more detail. In Materials Studio the COMPASS (Condensed
Phase Optimized Molecular Potentials for Atomistic Simulation Studies) forcefield ( all-atom 
model) is used on bulk atactic PS for chains of 10 - 80 monomer units in a rather broad 
temperature range (300 - 600 K) and at atmospheric pressure. The COMPASS forcefield is 
an ab-initio forcefield. 

Goals As can be concluded from the previous paragraphs this study has two main goals. 
First to study atactic polystyrene by molecular dynamics with an all-atom model and to see 
if the computing force of today is strong enough to give useful results. Second to study the 
possibilities of the commercial software Materials Studio. 



Chapter 2 

Model and Details of the Simulation 

2 .1 Model and simulation 

Materials Studio is in this thesis used to do molecular dynamics (MD) simulations. In this 
chapter first the simulation method is explained, starting with the constructing of polystyrene 
and finishing with the actual calculation of properties of polystyrene. Also the theory behind 
some of the used methods will be shortly explained. In the second part of this chapter a 
short manual of Materials Studio is included, which can be used to help you started with MD 
simulations and discuss some pitfalls in Materials Studio. 

2.1.1 Forcefield 

The main ingredient of a simulation is a model for the physical system. For a molecular 
dynamics simulation this amounts to choosing the potential: a function V ( r1, r2, ... , r N) of 
the positions of the atoms, representing the potential energy of the system when the atoms 
are arranged in that specific configuration. This function is translationally and rotationally 
invariant, and is usually constructed from the relative positions of the atoms with respect to 
each other, rather than from the absolute positions. The energy expression is the equation 
that describes the potential energy surface of a particular model as a function of its atomie 
coordinates. The potential energy of a system can be expressed as a sum of valence (or bond) , 
crossterm, and nonbonded interactions: 

Etotal = Evalence + E crossterm + Enonbond· (2.1) 

The energy of valence interactions is generally accounted for by diagonal terms, these are 
energy terms where the effect of neighboring atomie positions is not included, only the change 
compared to the averaged equilibrium value, denoted with subscript 0, is taken into account. 
The diagonal terms are bond stretching (Ebond), valence angle bending (Eangle), dihedral 
angle torsion (Etorsion) and out-of-plane (E00p) terms: 

Evalence = Ebond + Eangle + Etorsion + Eoop· (2.2) 

The different bonded interactions are shown in fig. 2.1. The cross terms extends the accuracy 
and range of application of the forcefield by including the effect of neighboring atomie positions 
on each of the bond lengths, valence angles and dihedral angles. Cross terms are e.g. the 
interactions between bond lengths and angles, between pairs of angles, etc. 

9 
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The energy of interactions between nonbonded atoms is accounted for by van der Waals 
(EvdW) and electrostatic (Ecoulomb) terms: 

Enonbond = EvdW + Ecoulomb· (2.3) 

In Materials Studio the COMPASS forcefield [1][2] is used to calculat e potential energies 
of the atoms. Here the valence terms including cross terms are given by 

Evalence + Ecrossterms = L[kb2(b - bo)2 + kb3(b - bo)3 + kb4(b - bo) 4
] 

b 

+ L[k(n(B - Bo)2 + ko3(B - Bo)3 + ko4(B - Bo)4
] 

() 

+ L[kq,1(1 - cos</;)+ kq,2(1 - cos2<f;) + kq,3( 1 - cos3</J)] + L kx2(X - xo) 2 

4> x 

+ L kw(b - bo)(b' - bb) + L kbo(b - bo)(B - Bo) 
b,b' b,O 

+ L kbq, (b - bo)(l - cos</;)+ L koO'(B - Bo)(B' - Bb) , 
M o~ 

(2.4) 

where ki is a force constant, b is the bond length, B is the valence bend angle , <P is the 
dihedral torsion angle, x is the out-of-plane angle, ba and Bo mean the reference value of the 
bond length and valence bend angle respectively. b and b' are neighboring bond pairs sharing 
a common atom. B and B' are adjacent valence angles sharing one or two common atoms, see 
fig. 2.2. 

The Coulombic energy is given by 

q i qj 
Ecoulomb = '"' - , ~ r· · . . •J 

t,J 

(2.5) 

where q i is the charge of atom i and rij is the distance between atom i and atom j . The vdW 
interaction uses the Lennard-Jones (LJ) 9-6 function: 

0 0 
'"' rij 9 rij 6 EvdW = ~ éij[2(~) - 3(~) ], 
i,j •J •J 

(2.6) 

Figure 2.1: The bonded interactions: bond stretching b, valence angle bending B, dihedra l 
angle torsion <P and out-of-plane angle X· 
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where Eij is the negative of the minimum vd Waals energy and r?1 is the distance between 
atoms i and j where the minimum occurs. The LJ 9-6 function is softer in the repulsion 
regime compared to the common LJ 12-6 function, which is known to be too 'hard' [l]. The 
LJ 9-6 function may be too attractive in the long seperation range, however the use of a 
cut-off distance makes this effect negligible for the properties studied in this thesis. 

The nonbonded terms are used for interactions between pairs of atoms that are separated 
by two or more intervening atoms and for atoms that belong to different molecules. 

The Ewald summation [2] was used to calculate the Coulombic interaction. The Ewald 
summation superimposes a broad spherically symmetrie distribution of charge with equal 
magnitude but opposite sign over each point charge in the system. This has a screening 
effect so the interactions become short-ranged. A cancelling distribution is then added, which 
is rapidly converging in reciprocal space. Mathematically it converts the ~ sum into two 
separate sums using the following equality: 

1 f(r) 1 - f(r) 
-=-+ . 
r r r 

(2.7) 

For the Coulombic sum f ( r) is taken to be erf c( ~), where erf c is the complementary error 
function and "'is the Ewald parameter that alters the weighting of the two sums [13]. 

For the van der Waals interaction the atom-based summation [2] method was used. The 
basic idea is to simply calculate the interactions to a cutoff distance and interactions beyond 
this distance are ignored. However, this method can lead to discontinuities in the energy and 
its derivatives. To avoid the discontinuities a switching function is used to smoothly turn off 
the interactions over a range of distances, see fig. 2.3. 

2.1.2 Building polymers 

The starting point in every simulation is the construction of a polymer. We create full 
atomistic models of atactic PS with 10 - 80 repeating units (monomers), with head-to-tail 
chain configuration and the chiral inversion set to 0.5, which means equal probability of both 
enantiomers. 

In order to obtain an amorphous structure of PS, the polymer chain is packed into a 
cubic cell with periodic boundary conditions in three directions. These periodic boundary 
conditions mimic the presence of an infinite bulk surrounding our N particles system. The use 
of periodic boundary conditions is necessary because with the choice of most other boundary 

• 
e . e· 
• ..l.'l._. 

Figure 2.2: Explaining of relation between b and b' and () and ()'. 
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..-nonbond pocentlal. E(r) 

swiohîng fwlotion, S(r) -----", / 
L.. ';; 
~ ' 1 ' ~ ' dîstance r) ~ ~O J--~~~~~~~~--::=i...-~~---'=====--> 

1.0 

>-
2' 
i 

ou~lf 

~ '*~ 
bufle...,_.._, -w-11Jrh-

Figure 2.3: Application of a switching function, the thick clark curve is the unmodified van 
der Waals potential, the dashed curve is the switching function S(r) and the E(r) ·S(r) curve 
is the resulting switched potential. The cutoff, spline width and buffer width are variables 
in Materials Studio and default set to respectively 9.5 Á, 1.0 Á and 0.5 Á [2]. E.g. r?j for 

C-atom is rv 4 Á, so the cutoff width is rv 2.4 r?j (of C-atom) [1]. 

Figure 2.4: Periodic boundary conditions in molecular dynamics. 
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Figure 2.5: An amorphous PS cell with 2 chains of a-PS (80 monomers) 

conditions it cannot be safely assumed that these conditions have a negligible effect on the 
properties of the system. When using periodic boundary conditions a volume containing the 
N particles is treated as the primitive cell of an infinite periodic lattice of identical cells, 
see fig. 2.4. A given particle now interacts with all other particles in this infinite periodic 
system. In practice, however, we are often dealing with short-range interactions. In this case 
it is usually permissible to truncate all intermolecular interactions beyond a certain cutoff 
distance re. Materials Studio generates ten initia} conformations at the same temperature 
of the PS chain in a cell. For details of the methods used to generate these conformations 
see [2] . These configurations are optimized by NVT MD (see section 2.1.4) and checked for 
fl.aws (e.g. ring catenations, where two benzene rings are entangled). If such catenations are 
present that configuration is removed. An initia} density of 1 g/cm3 is used, because this is in 
the range of experimental obtained data. During the equilibration process the density should 
change to the correct value depending on the temperature. The whole process of generating a 
periodic cell is clone with the amorphous cell construct (ACC) module in Materials Studio. In 
fig. 2.5 a typical structure of an amorphous PS cell is shown. Of the remained conformations 
only the first conformation, due to expensive calculation time, is used as input for further 
equilibration. 

2.1.3 Minimization (molecular mechanics) 

Prior to starting a molecular dynamics simulation, it is advisable to do an energy minimization 
of the structure. This removes any strong van der Waals interactions that may exist, which 
might otherwise lead to local structural distortion and result in an unstable simulation. The 
minimization (or optimization) process is an iterative procedure in which the coordinates of 
the atoms and maybe cell parameters are adjusted so that the energy of the structure is 
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brought to a minimum. Minimization generally results in a modelled structure with a close 
resemblance toa real physical structure. The minimization (molecular mechanics) simulation 
doesn't account for the temperature, so it resembles a state of T = 0 K. By default, Materials 
Studio uses smart minimization [2], which automatically combines appropriate features of 
several methods in a "cascade". Smart Minimizer starts with the steepest descent method 
and is followed by the conjugate gradient method. 

Steepest descent is the method most likely to generate a lower-energy structure, regardless 
of what the function is or where it begins. It will quickly reduce the energy of the structure 
during the first iteration, and is efficient for the first 10 - 100 steps. However, convergence will 
slow down considerably as the gradient approaches zero. It is often used when the gradients 
are very large, and the configurations are far from the minimum. 

The conjugate gradient method improves the line search direction by storing information 
from the previous iteration. It is the method of choice for systems that are too large for 
storing and manipulating a second-derivative matrix. The time per iteration is longer than 
for steepest descents, but this is more than compensated for by efficient convergence. 

In Materials Studio you can set the level of accuracy (target minimum derivative) required 
for convergence. The atomie derivatives can be summarized as a root-mean-square (rms) 
value, the derivative. The minimization is stopped if the derivative is smaller than the target 
minimum derivative. The default values are respectively 1000 and 10 kcal/molÁ for the 
steepest descent and conjugate gradient methods. To reduce the calculation time, in this 
study the maximum number of iterations is 10000. The minimization stops after reaching the 
convergence level or after 10000 iterations. 

2.1.4 Molecular dynamics 

In a molecular dynamics simulation, the time dependent behavior of the molecular system is 
obtained by integrating Newtons equations of motion by using a numerical integrator and a 
potential energy function, see section 2.1.l. The result of the simulation is a time series of 
conformations; this is called a trajectory or the path followed by each atom in accordance 
with Newtons laws of motion. At the beginning of each simulation random velocities from 
a Boltzmann distribution are assigned to all atoms in the structure around the desired tar
get temperature. Temperature control during the equilibration stage is clone by Berendsen 
method, see concerned paragraph. 

Molecular dynamics can be clone in several ensembles. We use consecutively the canonical 
ensemble (NVT, constant N, V and T), the isothermal-isobaric ensemble (N PT, constant 
N, P and T) for the equilibration and the microcanonical ensemble (NV E, constant N, V 
and E) for the actual measurement (production stage). The isothermal-isobaric ensemble 
(N PT, constant N, P and T) is also used for the uniaxial deformation simulations. Here N 
is the number of atoms, V the volume of the periodic cell, T the temperature, P the pressure 
and E the total energy. 

Verlet leapfrog algorithm The potential energy is a function of the atomie positions 
(3N) of all the atoms in the system. Due to the complicated nature of this function, there 
is no analytical solution to the equations of motion; they must be solved numerically. Time 
integration algorithms are based on finite difference methods, where time is discretized on a 
finite grid, the time step dt being the distance between consecutive points on the grid. All the 
integration algorithms assume the positions, velocities and accelerations can be approximated 
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by a Taylor series expansion, e.g. 

r'(t + dt) = r'(t) + 7J(t)dt + 1/20:(t)dt2 + ... (2.8) 

Knowing the positions and some of their time derivatives at time t (the exact details depend 
on the type of algorithm), the integration scheme gives the same quantities at a later time 
t + dt. By iterating the procedure, the time evolution of the system can be followed for long 
times. In Materials Studio the Verlet leapfrog algorithm is used. The algorithm is as follows , 

7J(t + dt/2) = 71(t - dt/2) + O:(t)dt 

r'(t + dt) = r'(t) + 7J(t + dt/2)dt . 
(2.9) 

This means that each integration cycle involves three steps: first calculate O:(t)dt, then 
71(t + dt/2) and finally r'(t + dt). The instantaneous velocity at timet is then calculated as 

71(t) = (7J(t + dt/2) + 7J(t - dt/2))/2. (2.10) 

Equilibration In this study the following procedure is followed. First the amorphous cell is 
equilibrated at the desired temperature for 50 - 100 ps by canonical ensemble (NVT) molecu
lar dynamics with a time step of 1 fs. Next, in order to obtain an isotropic stress state and to 
adjust the density to the experimental value, isothermal-isobaric ensemble (N PT) molecular 
dynamics is carried out at the desired temperature for 50 - 200 ps under 1 atm of constant 
pressure and with a time step of 1 fs. Berendsen's method , see paragraph Berendsen method, 
with time constants T = 0.10 ps, is used to keep the cell t emperature and pressure constant. 
Unfortunately due to a bug inside Materials Studio the pressure was not set properly, see 
paragraph Problems when using the Berendsen pressure algorithm in section 2.2 . 
The resulting pressure was P = 0. Only a few measurements were dorre with the proper 
pressure of 1 atm. Fortunately the fluctuation in Berendsen method is of the order of 0.01 
GPa (100 atm), so the results in both cases are comparable. In appendix A a total list is 
given of all calculations dorre, with the length of dynamics. Also in this list is marked which 
calculations were done with the proper pressure. 

Berendsen method Both the temperature- and pressure- (and stress-) control mechanism 
must produce the correct statistica! ensemble. This means that the probability of occurrence 
of a certain configuration obeys the laws of statistica! mechanics. For example, in order for 
constant T , constant V dynamics to generate the canonical ensemble, P(E) (i.e., the proba
bility that a configuration with energy E will occur) must be proportional to exp(-E/kBT), 
the Boltzmann factor. With the Berendsen method [14] the volume can change, hut there is 
no change in the shape of the periodic cell. Temperature can be controlled by coupling the 
system with a heat bath. Each velocity is multiplied by a factor À given by: 

(2.11) 

where 6.t is the time step, T is a characteristic relaxation time, To is the target tempera
ture, and T the instantaneous temperature. To a good approximation, this treatment gives a 
constant-T ensemble that can be controlled, both by adjusting the target temperature To and 
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by changing the relaxation time T (which we set to 0.1 ps). Pressure changes can be accom
plished by changing the coordinates of the particles and the size of the unit cell in periodic 
boundary conditions. Now the Berendsen method couples the system to a pressure "bath" 
to maintain the pressure at a certain target. The strength of coupling is determined both 
by the compressibility of the system (using a user-defined variable 1) and again a relaxation 
time constant (T = 0.1 ps). At each step, the x, y, and z coordinates of each atom are scaled 
by the factor: 

6.t 1/3 
µ = (1 + -1[P - Po]) , 

T 
(2.12) 

where P is the instantaneous pressure, and Po is the target pressure. The Cartesian compo
nents of the unit cell vectors are scaled by the same factor µ. The pressure fluctuation has 
been observed to be large during test runs with the Discover (module inside Materials Studio) 
program and in studies in the literature [15]. 

Production stage After the equilibration procedure, the actual measurements have been 
performed by micro-canonical ensemble (NV E) molecular dynamics with a time step of 1 fs. 
The length of the production runs was in the range from 10 - 1000 ps. 

Uniaxial deformation At T = 330 K (« T9 , see section 3.2 and 4.1.3), T = 360 K (""' T9 ) 

and T = 490 K (» T9 ) uniaxial deformation simulations were clone. This means that the 
output of the N PT simulations at the specific temperatures were deformed in one of the 
spatial directions (x, y or z). In each simulation we applied a constant pressure to the output 
of the N PT simulation. The pressure was applied for 100 ps. This procedure was repeated 
at different pressures and in all three spatial directions. Each simulation gives us a point in a 
stress-strain curve, see section 4.3.1. The Andersen method was now used to keep the pressure 
constant, because with the Berendsen method only the uniform pressure can be controlled in 
Materials Studio. 

With the Andersen method of pressure control, the volume of the cell can change, but its 
shape is preserved by allowing the cell to change isotropically. The basic idea of the method 
is to treat the volume V of the cell as a dynamic variable in the system. The Lagrangian of 
the system is modified so that it contains a term in the kinetic energy with a user-defined 
mass M and a potential term which is the pV potential derived from an external pressure 
Pext acting on volume V of the system [2]. 

Calculation time In table 2.1 the calculation time, using Materials Studio, for 1 ps of 
molecular dynamics (time step = 1 fs) is shown for different systems. The calculation times 
for the different ensembles are comparable. As can be seen the simulation times are long, 
e.g. a production run of 600 ps for 1 chain of 80 monomers takes about 220 hours on UNITE 
(supercomputer, for details see www.unite.nl). 
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Configuration Origin 2000 UNITE Athlon XP 1600+ TE RAS 
4x10 1300 
lx40 1300 
2x40 2900 1300 
lx80 2700 1300 730 590 
2x80 3800 

Table 2 .1 : Calculation time ( rounded) in seconds on different systems using Discover module 
in Materials Studio for 1 ps MD. Origin 2000 and Athlon XP 1600+ are single-processor 
systems. On UNITE and TERAS (supercomputer, for details see www.sara.nl) we use one 
processor and 1 Gb of memory. 

2.2 Short manual Materials Studio 

Materials Studio is a graphic interface, see fig . 2.6, which is the starting point for my calcu
lations. On the left side of the screen there is a module window. In this thesis the modules 
Discover and Amorphous Cell are used. When a calculation is started the module is called 
and the calculation is started at one of the active servers (e.g. UNITE, TERAS or a local 
machine). These servers can be set in the Tools --. Server Console --. Server Gateway ---+ 

New--. Server Gateway window. Jobs can be clone in live or batch mode. In live mode jobs 
are started directly from Materials Studio. To run a job in batch mode, first the input files 
are created in Materials Studio (use button Files ... instead of Run). These files have to be 
transferred to the server of your choice and started from there, e.g. on UNITE see paragraph 
Batch job on UNITE. In the following paragraphs the approach in this thesis is explained. 

Construction of polymer with periodic boundary conditions At the start of a 
project a polymer is constructed. This is clone in the Build --. Build Polymers window. 
In this thesis a homopolymer (atactic Polystyrene) is constructed; with chain length (10 -
80), chiral inversion set to 0.50 and number of chains set to 1. When this polymer is built a 
window with the polymer chain is opened. This structure is used as input for the construc
tion of a cell with periodic boundaries. For this the Amorphous Cell module is used. In the 
Construction window the polymer chain is added to the constituent molecules (standard 10 
molecules are added, in our simulations it is changed to 1). Then in the same window the 
temperature can be given and the target density of the final configurations (set to 1 g/cc). In 
the Setup tab the server can be selected. The Construct button is used to start the calculation 
of the periodic cell . When the job is finished several files are created in the Project window on 
the left side of the screen. The .xtd file is the final polymer structure and this file is used as 
input in further calculations. The .out file gives a summary of the result of the calculations. 

Minimization and molecular dynamics The next step is to minimize the constructed 
cell. Here the Minimizer window in the Discover module is used. Here the Method and 
Maximum iterations can be set. The button Minimize starts a life calculation, the button 
Files... creates the files for running the job in batch mode. Again some output files are 
created. The .xsd file is used for further simulations. After the minimization the Dynamics 
window in Discover is used. In the dynamics tab several parameters have to be set. First the 
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Ensemble, Temperature (in the window Thermostat choose Berendsen), Pressure (only with 
NPT, in window Barostat choose Berendsen), number of steps and the time step. Also one 
can choose what data are saved and the number of times it is saved. Then again one can run 
the job in live or batch mode. In this work first the NVT ensemble is used and with these 
results, the .xtd file, the calculation in the N PT ensemble is started. Finally a production 
run (NV E ensemble) is done. The final structure is the .xtd file. This file can be used for 
analysis. 

Analysis With the results of the production runs one can do analysis on the polymer. In 
this work the Analysis window in Discover is used. The final polymer in the logical trajectory 
window is chosen, because then the parameters in every saved frame (snapshot of the polymer, 
saved every time step as selected in the Dynamics tab) can be calculated. Depending on which 
parameter one wants to calculate, some sets have to be selected. E.g. for the calculation of 
the mean-square displacement of the backbone C-atoms a set of all backbone C-atoms needs 
to be made and selected, before one can start the analyzing. To create a set use the Edit -t 

Atom Selection and Edit -t Edit Sets windows. In the first window one can select the desired 
atoms and in the second window one creates a set of the selected atoms. The output of the 
analysis is again given in the .out file and usually also a graphic file (.tbl) is created. 

Batch job on UNITE Here an example is given of running a NVT calculation in batch 
mode on UNITE. First one sets all the parameters in the Dynamics Tab in Discover as 
explained in the previous paragraph. Instead of using the button Run, the button Files ... 

-
Figure 2.6: Screen view of Materials Studio. On the left side is the module window, with 
the modules Discover and Amorphous Cell, and the project window. In the main an active 
polymer structure is seen. 
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is used. Now several files are created (.inp (input file, containing the information what to 
calculate), .xsd (file containing the input structure) and several other files). These files are 
transferred to UNITE. There one has to make a script file, where is explained how much time, 
memory and processors are needed. After running the script the job is queued on UNITE. 
When the job is finished the output files are saved in the same directory as the input files. 
These files are transferred back to Materials Studio. Here one has to import the .his file, then 
again the output .xtd file is created. 

Problems when using the Berendsen pressure algorithm When using the Berendsen 
Barostat in the Discover module a wrong input file is created. The effect is that the pressure 
always is set to zero instead of the pressure you put in the pressure window. To correct this 
one has to change the .inp file. E.g. when a pressure of 1 GPa (this value is hold below to 
clarify, but in the .inp file it is not in hold) is inserted in the dynamics tab in Discover, apart 
of the dynamics section of the .inp file looks like 

press_decay_constant = 0.10 \ 
stress = { 1.0 1.0 1.0 0.0 0.0 0.0 } \ 
deviation = 5000.00 \ 

must be replaced by 

press_decay _constant = 0.10 \ 
pressure = 1.0 \ 
deviation = 5000.00 \ 

As a consequence one can only do the N PT simulations batch mode, because only then one 
can change the .inp file. 

Tips using the .inp file The .inp file is written in BTCL ( extension of the Tool Command 
Language) language and so one is free to change this file. E.g. it is useful to alter the .inp file 
so that one can do the Minimizer, NVT and N PT calculations in one calculation. Because 
this is one calculation the velocities of the previous MD simulation are used, when starting 
a new MD simulation. One can also create files containing the values of several parameters 
(such as the temperature, density, etc.) at each frame during the calculation. With this 
information one can see the development of several parameters during the calculations. In 
appendix B an example is given of a modified .inp file which is used to do the Minimizer, 
NVT and N PT calculations at once and to save information of the pressure, temperature, 
density, strain, stress and cell every frame. 



Chapter 3 

Theory of analysis methods 

In this chapter the theory behind several analysis methods used in this report are explained. 
First the statie properties, characteristic ratio, radius of gyration, glass transition temperature 
and X-ray scattering, are discussed. Consecutively t he dynamic properties, mobility and 
elastic properties, are discussed. 

3.1 Characteristic ratio and radius of gyration 

The conformations of linear chains are often discussed in terms of averages of their end-to-end 
----; 

vector R, squared end-to-end distance R 2 and squared radius of gyration, R;. We use the 
characteristic ratio and the radius of gyration as properties to describe the dimensions of a 
system. 

A chain of n honds can be represented as a sequence of N vectors, li. The end-to-end 
----; 

vector R is the sum of all of the li, with the understanding that all vectors are expressed in 
the same coordinate system. 

N 
----; '"""" ----; R = L.., li . 

i=l 

The mean-square end-to-end vector is given by 

N N N 

2 '"""" ----; ----; '"""" '"""" ----; ----; ( R ) = L.., ( li · li) + L.., L.., ( li · l j ) , 

i=l 

where the first term is independent of conformation. 
The characteristic ratio is given by 

(3.1) 

(3.2) 

(3.3) 

where N is the number of monomers in the chain, and l is the length of the backbone bond 
(l ~ 1.53 Á for the C-C bond). The radius of gyration is defined as the root-mean-square 

----; 

distance between the segments (honds) and the center of mass, Rem, of the polymer. The 
position of the center of mass is defined by 

(3.4) 

20 
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--t 
where l k is the position vector from the first atom of the ith atom. The mean-square of the 
radius of gyration can then be written as 

(3.5) 

Fora gaussian (random) chain the mean-square of the radius of gyration is given by 

(3.6) 

3.2 Glass transition temperature 

The glass transition is the most important thermal transition shown by amorphous polymers. 
At temperatures below the T9 , the polymer is in its glassy state, state 1 in fig. 3.1. A typical 
example at room temperature is a plastic drinking cup (polystyrene). Here the chains are 
in essentially frozen conformations. There may be some localized motions (predominately 
vibrations and short-range rotational motions) , which can be seen e.g. in the change of 
Young 's modulus as a function of temperature, see fig. 3.1. These are called secondary 
transitions or secondary relaxations and are given the names /3, /,etc. in descending order of 
temperature below T9 . Secondary relaxations are generally due to local oscillations of chain 
backbone (/3) and rotational motion of si de groups ( /). Remember that below T9 there is 
no long-scale concerted segmental motion because rotation about backbone bands is highly 
restricted. The glassy region is followed by the glass transition region (aften a range of 
about 20 - 30 K), also called the et transition or et relaxation, state 2 in fig . 3.1. Typically 
the modulus drops a factor of about a thousand in this region. The glass transition can 
be thought of as the onset of long-range, co-ordinated molecular motions (vibrations, bond 
rotations and segment translation). As polymer molecules commonly consist of thousands of 
backbone atoms, these are motions of chain segments and not entire chains. It is believed 
that for the molecular motions occurring below T9 the number of atoms involved may be as 
few as 1 - 4, while in the glass transition region this number is believed to be in the 10 -
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Figure 3.1: Five regions of viscoelastic behavior fora linear, amorphous polymer [16] . 
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50 backbone atoms range [16]. As the temperature increases this region is followed by the 
rubbery plateau region, state 3, and finally the rubbery and liquid flow region, respectively 
state 4 and 5. 

As the properties of polymers change dramatically in the transition region, there are 
many ways of determining T9 experimentally. In computer simulations we measure the specific 
volume in order to compare this with the experimental dilatometry method, where the specific 
volume versus temperature is plotted. Specific volume decreases almost linearly at both high 
and low temperature with decreasing temperature. A clear change in the thermal expansion 
coefficient (slope in specific volume versus temperature plot) will give an indication of the 
glass transition. 

3.3 X-ray scattering pattern 

X-rays primarily interact with electrons in atoms. When X-ray photons collide with electrons, 
some photons from the incident beam will be deflected away from the direction in which they 
originally travel. Diffracted waves from different atoms can interfere with each other and 
the resultant intensity distribution is strongly modulated by this interaction. Measuring the 
diffraction pattern therefore allows us to deduce the distribution of atoms in a material. The 
peaks in an X-ray diffraction pattern are directly related to the atomie distances. In fig. 3.2 
the atoms, represented as green spheres, can be viewed as forming different sets of planes in 
the crystal ( colored lines in graph on left). For a given set of lattice planes with an inter-plane 
distance of d, the condition for a diffraction peak to occur is given by Bragg's law 

nÀ = 2dsin0, (3.7) 

where À is the wavelength of the X-ray, e the scattering angle and n an integer representing 
the order of the diffraction peak. As follows from Bragg's law, the diffraction information 
about structures with large d-spacings lies in the small scattering angle ( < 1°). Therefore the 
Small Angle X-ray Scattering (SAXS) technique is commonly used for probing large length 
scale structures such as polymers. In this report, because of the amorphous structure, we are 

PI 

Figure 3.2: Examples of lattice planes on the left and Bragg's law on the right [17]. 
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more interested in spatial effects on a small length scale ( < 20 A). The technique used for 
this is Wide Angle X-ray Scattering (WAXS). 

Pair correlation function For the calculation of the intensity of the scattered X-rays from 
simulations, we need to introduce the pair correlation function. The pair correlation function 
is defined as the probability of finding atoms in the system at a distance r apart relative to 
the probability expected for a completely random distribution at the same density. In formula 
the pair distribution function 9ij(r) is given by 

(3.8) 

where Pi1(r) is the density of atom jat a distance r from an atom i, and (pj) is the average 
density of atom j. In the pair-correlation plots of polymers there are always strong peaks 
around 1.5 A, which are due to atomie connectivity (C-C bond). For structures in the 
amorphous state, all pair correlation functions g( r) should approach the value of one at 
large distances, which means that there is no long-range order in contrast to structures in a 
crystalline state. 

X-ray intensities from simulations Scattering experiments measure intensity as a func
tion of the scattering vector q (with q = 47rsinT/À, where 2T =Bis the scattering angle). 
The scattering intensity I(q), also called the X-ray structure factor, can be calculated from 
simulations in two ways. First through Fourier transforms of the pair correlation functions. 
In terms of atomie coordinates, l(q) for PS is given by 

l(q) =p 1= [xbfc(q) 2hcc(r) + 2xcxH fc(q)fH(q)hcH(r)+ 

x]dH(q) 2hHH(r)] sin(qr) 47rr2dr, 
qr 

(3.9) 

where the functions h(r) are net pair correlation functions, h(r) = g(r) - 1, with g(r) a pair 
correlation function. The Xi are the number fractions of each atom type, and p is the number 
density of scattering atoms. Equation 3.9 is sometimes also referred to as the X-ray structure 
factor S(q) [8]. The functions fi(q) are obtained from X-ray crystallographic data [4] and can 
be fitted by an analytica! expression: 

4 

fx = L aie-b;(sinO/J..)2 + c, (3.10) 
i=l 

where ai, bi and c are constants specific to a given atomie or ionic species. With Materials 
Studio it is possible to calculate the pair correlation functions directly and with equation 3.9 
the intensity can be calculated. 

The second way to calculate the scattering intensity is the way it is clone directly in 
Materials Studio. Here the atomie coordinates are used in the Debye formula [18]: 

l(q) = L L f1fk(sinqr1k) (3.ll) 
j k qrjk 

with appropriate modifications to eliminate the effects of the artificially-imposed periodicity. 
In equation 3.11 the indexes j and k run over all atoms in all molecules. The fj and fk are 
given by equation 3.10. In Materials Studio I / Io is plotted versus scattering vector q and Io 
denotes the intensity at zero angle. For the calculation of Io see appendix C. 
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3.4 Mobility 

Several models for molecular scale dynamic response have formed the core of our understand
ing of polymer dynamics. The first model, "Rouse model" is appropriate for the description 
of polymers in solution below the overlap concentration or polymer melts for short chains 
(N < 200 - 300) . The second model, "reptation model" can describe some properties above 
the entanglement molecular weight and polymer melts of long chains (N > 200 - 300). Our 
simulated polymers have all between 10 - 80 monomers, so are treated with the Rouse model. 

3.4.1 Rouse model 

The Rouse model is based on dividing the polymer chain into subsections that are sufficiently 
large to display rubber like elasticity ( Gaussian behavior at small elongations) . The sub
sections of the chain, in the Rouse model, have a roughly spherical shape (bead shape) and 
present a mechanica! drag with respect to the remainder of the melt. The two elements of 
a single subsection can be represented in series as a spring of no volume and a rigid bead of 
infinite modulus. This model for a chain in shown in fig . 3.3. 

Figure 3.3: Rouse chain composed of NR beads connected by springs [19] . 

3.4.2 Translational mobility 

We can investigate the temperature dependence of the relaxation times by measuring the 
mean-square translational displacements of the monomers in the chain 

g(t) = ([ri(t) - r i (0)] 2
) = (~r2 (t)) (3.12) 

where ri is the position of the ith atom. Fora free Brownian particle not included in the chain 
the Einstein formula is valid (~r2 (t)) = 6Dt, where D = kBT/( is the particle translational 
diffusion coefficient and ( is its translational friction coefficient . 

From previous experiments [6] [9] is known that the local translational mobility of a sin
gle PS chain for short times observes an intermediate regime, which is one between ballistic 
motion, with (~r2 (t)) ,...., t 2 , and free-monomer diffusive motion, with (~r2 (t)) ,...., t. In the 
vicinity of T9 the intermediate regime is followed by a plateaulike regime. The size of this 
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plateau increases with decreasing temperature. The plateaulike regime is followed by a subd
iffusive one. In [11] it was shown that if the van der Waals interactions between non-bonded 
atoms are switched off, the fast 'diffusive' process continues beyond 1 ps indefinitely and the 
cross-over from the fast process to the slower relaxational motion is not realized. It is therefore 
clear that the fast process corresponds to independent motions of atoms unconstrained by 
the presence of neighbors, and the cross-over to the slower dynamics is due to the constraint 
imposed by the surrounding atoms and molecules. It takes approximately 1 - 3 ps before the 
effect of such a 'cage' is felt by an atom at any temperature. The characteristic time of the 
onset of the subdiffusive regime describes the time scale at which a particle escapes from the 
cage formed by its neighbors. 

3.4.3 Mode-coupling theory 

The use of mode-coupling theory (MCT) represents one of the most important steps in the 
theoretica! description of the glassy dynamics of supercooled liquids. In recent years the 
MCT is also used to describe the dynamics of polymer melts [12]. The idealized MCT for the 
translational a-relaxation predicts that the final part of a typical mean-square displacement 
curve, e.g. fig. 4.9, can be fitted with the power law 

(3.13) 

where D0 is a diffusion constant in the regime of the Rouse diffusion. In this regime there is 
no normal diffusion, i.e., a -=fa 1. In unentangled polymer melts (which we have), we use the 
Rouse model, which gives a = 0.5 [20]. 

According to the MCT the characteristic time of the a-relaxation, Ttr = D-;; 1 algebraically 
diverges at some critica! temperature Te, which should just be above T9 , 

TQ 
(3 .14) 

Ttr = (T - Te)'Y . 

At T < Te the behavior of the relaxation process cannot be described anymore properly with 
standard MCT, because of the onset of the sub-T9 relaxation regime. 

3.4.4 Rotational mobility 

There are two types of time-correlation functions we can define for any arbitrary unit vector 
u(t) 

P1(t) = (u(O)u(t)) (3.15) 

P2(t) = (1/2)(3[u(O)u(t)]2 - 1). (3.16) 

The averaging denoted by (".) in (3.15) and (3.16) is performed over all the honds. 
The relaxation time Ti for Pi(t)(i = 1, 2) of the various unit vectors is defined as the time 

at which Pi(t) decays down to 1/e; Pi(t) is expected to go to zero after sufficiently long time. 
The Kohlrausch-Williams-Watts (KWW) function, 

(3.17) 

is used to estimate the relaxation time, also when it is longer than the duration of the 
simulation. With these relaxation times we can again use equation 3.14 to determine f. 
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3.5 Elastic properties 

Stiffness matrix The elastic properties of amorphous polymers can be calculated from the 
stiffness matrix. The isotropic stiffness matrix is given as 

2µ+>. À À 0 0 0 
À 2µ+>. À 0 0 0 

cij = 
À À 2µ+>. 0 0 0 

(3.18) 
0 0 0 µ 0 0 
0 0 0 0 µ 0 
0 0 0 0 0 µ 

where µ and À are the so-called Lamé's constants. The components of the stiffness matrix 
are defined by 

C .. _ ~ ( 8U2 
) _ oai _ ai+ - ai-

i1 - - -v OEiOEj OEj 2Ej 
(3.19) 

where U is the total potential energy, V is the cell volume, Ei and Ej are the ith and jth 
component of the strain tensor, respectively, ai is the ith component of the stress tensor, 
and ai+ and ai- are the components associated with the stress tensor under extension and 
compression, respectively [21]. 

The various elastic constants can be calculated from elements of the stiffness matrix by 
the following relationships: 

1 2 
À= 3(c11 + c22 + c33) - 3(c44 + c55 + c55), 

1 
µ = 3(c44 + C55 + C55), 

E _ 3>. + 2µ 
-µ >.+µ) 

G=µ, 

À 

where Eis Young's modulus, Gis the shear modulus, and v is Poisson's ratio. 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

Stress-strain curve Young's modulus is a measure of material resistance to axial defor
mation. lts value can be obtained by measuring the slope of the axial stress-strain curve in 
the elastic region, see fig. 3.4. The steeper the slope, the stiffer the material. 
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Figure 3.4: Stress-strain curve and the determination of the Young's modulus. 
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Chapter 4 

Results and Discussions 

4 .1 Validation of simulation 

4. 1. 1 Time evolut ion 

Before we can perform useful analysis on the generated structures, we have to be sure that 
these structures are really in equilibrium. A first glance is given by the t ime evolution of 
several parameters, such as the total energy, temperature, normal stress and shear stress, see 
figures 4.1 and 4.2. These figures are from molecular dynamics (MD) simulations on a-PS 
(N = 80) at T = 600 K. In all these figures the first 100 ps is a NVT simulation and at t 
= 100 ps a N PT (P = 1 atm) simulation is started, which is clearly seen in fig. 4.2. The 
plot of the total energy gives the evolution of all the energy contributions (both intra- as 
intermolecular) . If the polymer reaches a state of equilibrium the total energy has to be 
nearly constant. As can be seen in fig. 4.1 the energy is nearly constant during the whole 
run. The same is true for the temperature in the same figure . In the mechanica! simulation 
of an amorphous polymer, it is a pre-requisite to fulfi ll the requirement that the stress state 
of the cell should be isotropic, which means that the normal stress in all three directions 
is the same and that there is no shear stress. As can be seen in fig . 4.2 the normal stress 
reaches the same equilibrium for all three directions after the discontinuity at 100 ps caused 
by introducing a uniform pressure. The shear stress however is not reaching clearly the value 
zero for all three directions. This will introduce an error in our results. 

4.1.2 Characteristic ratio and radius of gyration 

The radius of gyration R9 and the characteristic ratio Cso are calculated at two different points 
in the equilibration process. First after the amorphous cell construct (ACC, see chapter 2) 
and second after the complete equilibration process and production stage. For the second case 
we used both the short (10 - 20 ps) and long (600 - 1000 ps) production runs. Between these 
short and long runs there was no significant difference in R9 and Cso. T he R9 is plotted in fig. 
4.3. The error bars in this figure are calculated by averaging the different measurements at the 
same temperature (for complete overview of all the simulations, see appendix A). The average 
R9 over all temperatures after ACC is 18.5 ± 1.2 Á and after equilibration and production 
is 19.0 ± 3.0 Á. The corresponding characteristic ratio's are respectively 11.3 ± 1.7 and 12.2 
± 4.1. 

28 
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Figure 4.1: Time evolution of the total energy (left) during NPT MD for 100 ps and the 
temperature (right) during NVT molecular dynamics (MD) for 100 ps and continuously 
NPT MD for 100 ps. 
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Figure 4.2: Time evolution of the normal stress (left) and shear stress (right) during NVT 
molecular dynamics (MD) for 100 ps and continuously N PT MD for 100 ps. 
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In (22] the RIS model (that yields dimensions for the limit of very long chains in excellent 
agreement with experiment) was used to compute the expected values for the characteristic 
ratio and the radius of gyration. For a-PS (N = 80) the expected value is Cso = 9.2 and 
the radius of gyration is R9 = 22.3 A (±15 %). Other !\ID simulations (united-atom model) 
[6](7] give R9 in the range 20 - 25 Á for temperatures in the range 540 - 600 Kat atmospheric 
pressure. We see that our results are in agreement with experiment and other MD simulations. 

4.1.3 Glass transition temperature 

Another criterion to validate our simulations is to look at the glass transition temperature 
T9 . The data from our MD simulations are compared, fig. 4.4, with experimental data of 
standard pressure-volume-temperature measurements for a-PS of M"' 9000 [3], but these can 
be different due to the dependence on cooling rates. Also the data are compared to a large 
scale MD simulation (united-atom model) for a-PS (N = 80) from Lyulin et al. [6]. The 
reference data give T9 "' 373 K. The fit of the simulation data points (fit for T 2: 350 K) is 
deviated ("' 70 K) compared to the fit through the reference points. This deviation is nearly 
constant for T > T9 . The slope of this fit gives us the thermal expansion coefficient. For 
T ;::: 350 K we find a = (5.0 ± 1.1) x 10- 4 K - 1

. The reference data gives us a = 5.8 x 10- 4 

K- 1. The thermal expansion coefficient from Lyulin et al. [6] , a = (5.0 ± 0.2) x 10- 4 , is in 
agreement with our simulation. As mentioned our density is not correctly simulated compared 
to experiment and Lyulin et al. [6]. For T 2: 350 K our simulated density is"' 0.035 g/cm3 

smaller than the experimental density and this leads to a lower T9 for our simulations. It is 
difficult to determine what T9 is in our model, but it seems to be around 350 K. 
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Figure 4.3: Average radius of gyration at different temperatures. 
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4.1.4 X-ray scattering pattern 

Finally we use the X-ray scattering pattern as validation of our results. From previous ex
periments [7][8] it is known that the X-ray scattering pattern of a-PS reveals a diffuse halo 

(polymerization peak) at around q = 0.75 Á-1 
(low-q) in addition to a higher q feature at 

around 1.3 - 1.4 Á -l (high-q) associated with the amorphous halo, which is a standard diffuse 
scattering maximum found in e.g. polymer melts, glasses and rubbers. In fig. 4.5 the various 
contributions to the two peaks are drawn. The polymerization peak (low-q) in a-PS is due 
primarily to intermolecular backbone-backbone correlations. In this sense, the low-q peak 
reflects interchain packing and is the true amorphous peak in a-PS. The peak at value q = 

0.8 Á -l corresponds spatially with the distance r = 9.4 Á between the backbones of two 
adjacent chains (an estimate of relation between q and r is given by r = 2

;, but for accurate 
calculation detailed modelling is necessary, the values mentioned here are from [8]) . The 
temperature dependence of the backbone-backbone correlations is as expected a reduction 
in intensity with increasing temperature. However, this effect is less strong than the contri
bution from the intermolecular phenyl-backbone and phenyl-phenyl correlations, which shift 
to a lower q with increasing temperature. This leads to an extra contribution to the low-q 
peak, which in total becomes temperature dependent, with a higher intensity with increasing 
temperature. The amorphous halo (high-q) is found to be due mainly to phenyl-phenyl cor
relations, with an important, nearly temperature-independent intramolecular phenyl-phenyl 
and phenyl-backbone contribution leading toa weak temperature dependence of intensity of 
the peak. The peak at value q = 1.3 A -l corresponds spatially with the distance r = 5.8 
Á [8] between the phenyl rings of two adjacent chains. In [7] MD simulation of amorphous 
atactic PS has been performed using united-atom and all-atom models, in both of which the 
bond lengths were held fixed and the phenyl side groups were represented by rigid, planar 
hexagons. lt was shown that the simulation results for the united-atom model successfully 
reproduce experimental data on X-ray scattering, in particular the so-called polymerization 
peak and amorphous halo. In previous MD simulations [7] was found that in contrast to the 
united-atom model, the all-atom model gave a result that disagrees with the experiment. 

Figure 4.5: Schematic illustration of various contributions to the low-q ( dashed arrow) and 
high-q (solid arrow) peaks in the X-ray structure factor of atactic polystyrene. Thickness 
of the arrows represents relative contributions. E.g. the intermolecular phenyl-backbone 
interactions both contribute to the low-q and high-q peaks. [8]. 
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Figure 4.6: X-ray scattering pattern of a-PS (N = 80) , production run 600 ps, at different 
temperatures. 
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Figure 4.7: X-ray scattering pattem of a-PS (N = 80) , production run 600 ps, at different 
temperatures with log-log axis. 

In fig . 4.6 and 4. 7 the X-ray scattering pattems from our all-atom model are shown. The 
average (short and long production runs) position of the polymerization peak is 0.54 ± 0.07 
Á- 1 

and for the amorphous peak 1.22 ± 0.03 Á- 1
. The polymerization peak is found at 

lower q, but the peak is clearly seen. As mentioned the polymerization peak was not found in 
previous MD simulations (7) of a-PS with an all-atom model. At large wavevectors the shape 
of the scattering appears independent of the temperature and shows intensity oscillations 
characteristic of uniform spheres. In fig. 4.8 the temperature dependence of the intensity 
is plotted. Here we see in agreement with (8) that the intensity of the polymerization peak 
has a strong temperature dependence and that the intensity of the amorphous peak is nearly 
temperature independent. In fig. 4.6, 4. 7 and 4.8 only data from the long production runs 
are shown, but there was no significant difference between the positions and intensities of the 
different peaks in the short and long production runs. 

As conclusive remarks can be said that in our simulation the polymerization peak is 
obtained in contrast to previous all-atom model simulations [7). Also the temperature depen
dance of the polymerization and amorphous peak is in agreement with previous MD simula
tions (7)(8). The position of bath peaks is shifted to lower q values in comparison to (7)(8). 
This can be an effect of the explicit hydrogens in our model, which will change the scattering 
pattem. However the qualitative and quantitative effect of this change is not known. The 
effect of a lower density in our model compared to experiment , contributes toa shift to lower 
q, because a lower density means a larger spatial distance which means a lower q. However 
the effect of the density ("' 4 % ) cannot account for the whole shift of the low-q ("' 25 % ) 
and high-q (rv 8 %) peak value. 
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Figure 4.8: Temperature dependence of the intensities of the polymerization and amorphous 
peaks, production runs 600 ps. 

4.2 Local dynamics of one chain of a-PS (N 80) 

4.2.1 Translational mobility 

Mean-square translational displacement In [6] it was found that in the Rouse regime 
the mean-square translational displacement g(t) rv ta where a = 0.62 ± 0.02 for the monomers 
in the middle of the chain. The difference from the Rouse prediction a = 0.5 [20] is attributed 
to the shortness of the chains ( rv 10 - 80 monomers) leading to an early crossover from the 
Rouse mode regime to the long-time free diffusion limit (a = 1). 

We made and equilibrated several a-PS structures as described in chapter 2, in the tem
perature range 300 - 650 K and at atmospheric pressure. The production runs where in the 
range of 10 - 1000 ps. In figures 4.9 and D .2 the mean-square displacement (msd) of the 
backbone C- and H-atoms is shown at different temperatures. In figures D.l and D.3 the msd 
is shown for the C- and H-atoms of the phenyl rings. 

In all figures of the msd it is clear that there is a fast diffusive motion at times less 
than about 1.5 ps. In table 4.1 and 4.2 the slopes at different temperatures are shown. To 
determine the slopes for the slow process the final parts of the lines are used, so the plateaus 
are ignored. Sometimes the last parts contain artificial behavior due to numerical errors, these 
parts are also ignored. For all atoms, except the backbone H-atoms, the slope at different 
temperatures is in the range 1.0 - 1.4. This regime is expected to be an intermediate between 
a ballistic motion, with slope 2, and a free-monomer diffusive motion, with slope 1. 

As can be seen in table 4.1 and 4.2 the slopes for all atoms for the slow process are 
predominately in the range of 0.4 - 0.7. For T » T9 (T :?'.: 490 K) the average slopes for the 
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Temperature (K) bbc fast bbc slow pc fast pc slow 
300 1.04 ± 0.01 0.7 ± 0.4 1.36 ± 0.03 0.6 ± 0.1 
330 1.02 ± 0.03 0.46 ± 0.05 1.36 ± 0.03 0.45 ± 0.05 
350 1.02 ± 0.02 0.55 ± 0.05 1.34 ± 0.05 0.45 ± 0.05 
360 1.01 ± 0.03 0.6 ± 0.5 1.36 ± 0.03 0.4 ± 0.2 
370 1.03 ± 0.03 0.6 ± 0.2 1.36 ± 0.02 0.6 ± 0.2 
400 1.03 ± 0.03 0.69 ± 0.02 1.38 ± 0.04 0.7 ± 0.2 
430 1.07 ± 0.01 0.71 ± 0.03 1.39 ± 0.02 0.67 ± 0.04 
490 1.05 ± 0.01 0.6 ± 0.4 1.40 ± 0.02 0.63 ± 0.04 
540 1.07 ± 0.02 0.5 ± 0.1 1.42 ± 0.03 0.45 ± 0.06 
600 1.07 ± 0.02 0.7 ± 0.1 1.39 ± 0.02 0.65 ± 0.04 
650 1.03 ± 0.02 0.6 ± 0.1 1.37 ± 0.02 0.57 ± 0.09 

Table 4.1: Slopes of mean-square displacement of backbone C-atoms (bbc) and phenyl C
atoms(pc) for the fast and slow process. 

Temperature (K) bbh fast bbh slow ph fast ph slow 
300 0.7 ± 0.1 0.6 ± 0.3 1.10 ± 0.06 0.6 ± 0.1 
330 0.7 ± 0.1 0.41 ± 0.05 1.05 ± 0.05 0.44 ± 0.05 
350 0.7 ± 0.1 0.50 ± 0.05 1.05 ± 0.05 0.41 ± 0.05 
360 0.7 ± 0.1 0.4 ± 0.3 1.02 ± 0.05 0.5 ± 0.1 
370 0.7 ± 0.1 0.6 ± 0.2 1.04 ± 0.05 0.6 ± 0.2 
400 0.7 ± 0.1 0.62 ± 0.08 1.04 ± 0.05 0.6 ± 0.1 
430 0.7 ± 0.1 0.65 ± 0.05 1.06 ± 0.05 0.62 ± 0.06 
490 0.7 ± 0.1 0.5 ± 0.2 1.06 ± 0.05 0.59 ± 0.04 
540 0.8 ± 0.1 0.48 ± 0.07 1.08 ± 0.05 0.42 ± 0.06 
600 0.8 ± 0.1 0.64 ± 0.08 1.06 ± 0.05 0.62 ± 0.05 
650 0.9 ± 0.2 0.6 ± 0.1 1.03 ± 0.05 0.53 ± 0.08 

Table 4.2: Slopes of mean-square displacement of backbone H-atoms (bbh) and phenyl H
atoms (ph) for the fast and slow process. 
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Figure 4.10: Comparison of mean-square displacement of backbone (left) and phenyl (right) 
C-atoms from our simulations (straight line) with data from large-scale MD (united-atom) 
simulation of a-PS (N = 80) (6). The data (dotted line with symbols) (6] is respectively the 
displacement for the average bead in the main (left) and phenyl (right) chain. 

backbone C-atoms and phenyl C-atoms are respectively 0.6 ± 0.1 and 0.57 ± 0.09. For the 
backbone H-atoms and phenyl H-atoms the slopes in this range are respectively 0.6 ± 0.1 and 
0.54 ± 0.09. A slope between 0 and 0.5 indicates that the atoms are nearly frozen by the cage 
effect or starting to escape from the cage. A slope between,...., 0.5 - 0.6 is close to the Rouse 
prediction, which the molecule will reach at all temperatures for long enough simulation time. 
Finally a slope of unity will be reached, which indicates a diffusion of the chain as a whole, 
but that is not possible here, because of the short simulation time. In fig. 4.10 our results 
are compared to a large-scale MD simulation (N = 80) (6] with an united-atom model. Our 
simulation data is respectively from displacement of backbone and phenyl C-atoms. From this 
figure can be seen that, for T » T9 , the slopes and absolute displacement are comparable. 
For T ::::;; T9 there is a clear difference between our simulation and the data from Lyulin et 
al. [6]. Possible explanations for this difference are that our structures are not completely 
equilibrated for T ::::;; T9 , our structures have a lower density compared to structures at the 
same temperature from Lyulin et al. [6] and/or is an effect of the explicit H-atoms in our 
model. 

Mode-coupling theory The exponents a can be found in table 4.1 and 4.2. In figure 4.11 
the mean-square displacements of the backbone C-atoms are plotted as functions of D°'t at 
different temperatures. Here sealing behavior can be seen for temperatures in the range of 
350 - 650 K. 

In previous experiments exponents /, see equation 3.14, were obtained for several models. 
Using the simple bead-spring model Benneman et al. [23)[24] found 1 = 2.1- 2.3. Fora model 
polymer with angle and torsion potentials van Zon and de Leeuw [12) obtained / = 2.85. In 
[10] Te= 380 K and 1 = 2.90 were found for an united-atom model of a-PS. This value of Te 
is somewhat higher than the observed glass transition temperature T9 ,...., 370 K. Linear fitting 
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in figure 4.12 for temperatures in range 490 - 650 K with Te = 380 K gives r = 2.8 ± 0.5. 
As can be seen in figure 4.12 and 4.13 the fit is not good in the whole temperature range 
above Te= 380 Kas would be expected by MCT. Below T = 490 K MCT is not describing 
the measured values. In appendix E the figures and linear fits are shown for the backbone 
H-atoms, the phenyl C-atoms and the phenyl H-atoms. In table 4.3 the resulting exponents 
are given with T = 650 K as reference temperature (for the reference temperature the Da 
is set to 1 and all the lines at lower temperatures are shifted to the reference line) and for 
different Te's (Te is set and not a fitted parameter) . In fig. 4.14 the exponents are given 
for backbone C-atoms, with Te in the temperature range 350 - 410 K. Also is tried to fit Te 
from the simulated data, we call this the first fit Te. For the backbone C-atoms the first 
fit results in Te = 358 K , for the same values of the other atom groups see table 4.4. For 
the determination of/, at all temperatures, the Te is set to the concerned value. Conclusive 
remarks are made in the next section together with the results from the rotational mobility. 

Comparison C- and H-atoms In [6] is shown that at high temperature in PS, T » T9 , 

the mobility of the atoms in the backbone is quite different from that of the atoms in the 
phenyl rings. The atoms in the phenyl side groups are more mobile than the atoms in 
the corresponding beads in the main chain: at fixed time their mean-square translational 
displacements are larger than those of the main-chain. This difference is not that dramatic 
for the terminal beads hut is qui te pronounced for the middle of the chain (the difference is 
about 50 % in this case), because in the last case a noticeable displacement of the backbone 
beads requires rather big distortions of bath chain tails attached to this bead. Translational 
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Figure 4.11: Mean-square displacement of the backbone C-atoms as a function of Dat for 
different temperatures. Reference temperature is T = 650 K. 
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atom type Te= 360 Te= 380 Te= 400 
backbone C 3.1 ± 0.6 2.8 ± 0.5 2.5 ± 0.4 
backbone H 3.2 ± 0.6 2.9 ± 0.5 2.5 ± 0.4 

phenyl C 2.9 ± 0.6 2.6 ± 0.5 2.3 ± 0.4 
phenyl H 2.9 ± 0.6 2.6 ± 0.5 2.3 ± 0.4 

Table 4.3: Exponents "( for different types of atoms for translational relaxation for tempera
tures in range 490 - 650 K. 
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Figure 4.14: "( dependence to the Te of the backbone C-atoms, with reference temperature 
650 K. 

Te 
backbone C-atoms 358 
backbone H-atoms 357 

phenyl C-atoms 359 
phenyl H-atoms 359 

Table 4.4: First fit Te's (Te is fitted with equation 3.14) of all different atom groups. 
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displacements of the side groups do not require such big backbone perturbations. The mobility 
of the chain ends influences the translational mobility of only a few neighboring monomers 
(3 - 5 nearest neighbors), both in the backbone and in the phenyl side groups. The average 
monomer in the middle of the model PS chain, even with N = 40 monomers, can already serve 
as a representative monomer for the high molecular weight PS. One of the big advantages 
of the all-atom model above the united-atom model, is that with the first we can even go 
further than the comparison of the atoms in the backbone and phenyl group. We can now 
also make distinction between the mobility of the C- and H-atoms, e.g. rotation around C-C 
bond where the C-atoms stay in place and the H-atoms are displaced. 

For the backbone C-atoms the slope for the fast process at different temperatures is in the 
range 1.01 - 1.08 and for the phenyl C-atoms this is 1.34 - 1.42. For the backbone H-atoms 
the slope at different temperatures is in the range 0. 7 - 1.0 and for the phenyl H-atoms in the 
range of 1.02 - 1.10. We can see a difference between the C- and H-atoms. The fast process is 
an intermediate one between ballistic motion, with (Llr2 (t)),...., t2 , and free-monomer diffusive 
motion, with (Llr2 (t)) rv t, see section 3.4.2. In this regime the C-atoms generally have a 
steeper slope than the H-atoms, which probably is caused by the effect that all atoms at the 
start of a simulation are given a velocity from a Boltzmann distribution. When a C- and 
H-atom have the same velocity, the C-atom will be slowed down less fast than the H-atom, 
because of its greater mass. 

For the slow process we already gave the slopes for the different atoms. These values are 
all in the order of 0.6 ± 0.1. The error in these values is too large to extract information 
about the differences between the motion of the different atoms. 
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Figure 4.15: P1main at T = 370 K (left) and T = 540 K (right) for honds in the middle and 
at the end of the chain. 

4.2.2 Rotational mobility 

Time-correlation functions In this experiment the correlation functions P1 and P 2 , with 
a vector along C-C honds in backbone (denoted by subscript main) and C-C honds connecting 
backbone and phenyl group (denoted by subscript phenyl), are calculated. This is clone for 
the outer three honds and over respectively the 140 honds (main) and 60 honds (phenyl) 
in the middle of the chain. In fig. 4.15 and 4.16 examples of a plot of P 1 and P2 , below 
and above T9 , against time is given. Again our results are compared to a large-scale MD 
simulation (N = 80) [6] with an united-atom model, see fig. 4.17. Our simulation data is 
respectively P1 of honds in backbone chain (average over 140 honds in middle of the chain) 
(left) and honds connecting backbone and phenyl group (average over 60 honds in middle of 
the chain) (right). From this figure can be seen that, for T » T9 , the relaxation of Pimain is 
comparable with Lyulin et al. [6]. The relaxation of P 1phenyl is comparable with Lyulin et al. 
[6] fort smaller than ,...., 50 ps. For T :::; T9 the relaxation starts to differ from about 50 ps. 
Again, just as in the comparison of the translational mobility, there is a difference between 
our simulation data for T:::; T9 and the data from Lyulin et al. [6] . This difference is less clear 
than the difference between our simulation results and the results form Lyulin et al. [6] for the 
translational mobility. The KWW function , equation 3.17, is used to estimate the relaxation 
time, because the relaxation time is expected to be langer than the duration of the simulation. 
In appendix F the relaxation times T and the degree of non-exponentiality f3 of the KWW 
functions are given for P 1 and P2. The T's for honds at the end of the chain are smaller than 
those in the middle of the chain. Thus the monomers in the middle relax slower than those 
on the end. For times smaller than ,...., 100 ps the P1main and Piphenyl from our simulations 
are comparable with the results from Lyulin et al . [6]. For langer times the relaxation from 
our results is faster than the results from Lyulin et al. and so the fitted relaxation times from 
our model will be smaller. This effect is increasing with decreasing temperature and also this 
effect is larger for the phenyl honds than the backbone honds. Again a smaller density of our 
structure could explain a smaller relaxation time. 
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Figure 4.16: P 2main at T = 370 K (left) and T = 540 K (right) for bonds in the middle and 
at the end of the chain. 
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Figure 4.17: Comparison of P1main (left) and P1phenyl (right) from our simulations (straight 
line) with data from large-scale MD (united-atom) simulation of a-PS (N = 80) [6]. The data 
(dotted line) [6] is respectively P1 for the average bead in the main (left) and phenyl (right) 
chain. 
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mm Ref. pm Ref. 
Te 340 K 360 K 380 K 380 K 340K 360 K 380 K 380 K 
P1 3.1 ± 0.9 2.8 ± 0.8 2.6 ± 0.7 2.86 3.5 ± 0.3 3.1 ± 0.3 2.8 ± 0.3 2.84 
P2 2.8 ± 0.8 2.6 ± 0.7 2.3 ± 0.7 2.80 2±1 1±1 1±1 3.0 

Table 4.5: Exponents "( for different types of atoms rotational relaxation for temperatures in 
range 490 - 650 K and different Te's. Mm = backbone C-C honds in middle chain and pm 
= C-C honds connecting backbone with phenyl group in middle chain . The reference data is 
from Lyulin et al. [6], MD simulation united atom model fora-PS (N = 80), at Te= 380 K. 
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Figure 4.18: Temperature dependence of the relaxation times r 1,2 of the P 1,2 at T > T9 . 

Te = 360 K. Mm = backbone C-C honds in middle chain and pm = C-C honds connecting 
backbone with phenyl group in middle chain. 

Mode-coupling theory The temperature dependence of the rotational relaxation times 
r1 ,2 are fitted with equation 3.14 for different Te's, see table 4.5. In figure 4.18 the 7's are 
shown for Te = 360 K. The 7 's of the end honds are not given in a figure, because these are 
too scattered. In fig. 4.19 the relation of"( to Te is given for P1mm· 

The Te's in table 4.5 are all set before a fitting procedure is used to determine "(. We also 
used equation 3.14, to fit the Te explicitly for the different honds and for P1 and P2; these 
results are given in table 4.6. The average Te from table 4.6 is 346 ± 9 K . These values can 
be compared to the average Te = 358 ± 1 K from the translational mobility, see table 4.4. 
The values of 7's for the averaged middle honds are, for Te= 360 K, in the range of 2.6 - 3.1 
( except P2pm) and are in the same range as the 7 's for the translational mobility. As we did 
with the translational mobility, we plot P 1,2 relaxation times as functions of temperature, fig 



CHAPTER 4. RESULTS AND DISCUSSIONS 46 

4.20; because of the scattering in data for the end honds this is only clone for the averaged 
middle honds. 

The following conclusive remarks can now be made. The MCT was able to describe both 
the translational and rotational mobility for T 2: 490 K. For temperatures between Te and 
T = 490 K the simulation results are deviated from the predictions of MCT, see figures 4.13 
and 4.20. Similar behavior was seen by Lyulin et al. [10], but the effect in our results is more 
profound. If Te is explicitly fit , a lower Te (,...., 360 K) is found than the experimental T9 (,...., 

373 K) and the Te (380 K) found by Lyulin et al. [10]. The Te should be higher than the 
T9 , but we already mentioned earlier that the problem with the density (see section 4.1.3) 
leads to a lower T9 in our simulation. So it is assumable that our Te is higher than our T9 , 

as predicted by MCT. This would mean that our model is self-consistent. lf we now compare 
the exponents 'Y from our simulations with other MD simulations, we will use for our 'Y's 
the values at Te = 360 K. Our averaged results give 'Y = 3.0 ± 0.5 and 'Y = 2.8 ± 0.5 for 
respectively the translational and rotational (P2pm is excluded) mobility. Lyulin et al. [10] 
found respectively 'Y = 2.90 and 'Y = 2.88 for the translational and rotational mobility at Te 
= 380 K. These data are in agreement . Finally it seems that the 'Y is linear dependent to Te, 
see figures 4.14 and 4.19, but the data are to scattered to be sure. 
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Figure 4.19: The relation of 'Y to the Te of Pimain in middle of the chain. 



CHAPTER 4. RESULTS AND DISCUSSIONS 47 

P1 P2 

mm 346 344 
me 328 360 
pm 345 346 
pe x 350 

Table 4.6: Tc's for the first fit of the two different time correlation functions. Mm = backbone 
C-C honds in middle chain, me = backbone C-C honds in end of the chain, pm = C-C honds 
connecting backbone with phenyl group in middle chain and pe = C-C honds connecting 
backbone with phenyl group in end of the chain. 

10·2 ~~~~~~~~~~~~~~~~~~~~ 

250 300 350 400 450 500 550 600 650 700 
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Figure 4.20: Temperature dependence of the relaxation times T1,2 of the P1,2 in the whole 
temperature range for the averaged honds in the middle of the chain. Te = 360 K. Mm = 
backbone C-C honds in middle chain and pm = C-C honds connecting backbone with phenyl 
group in middle chain. 
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350 K Reference data (298 K) 
Poisson's Ratio 0.29 0.325 - 0.33 

Tensile Modulus (GPa) 1.27 3.2 - 3.4 
Bulk Modulus (GPa) 1.03 3.0 
Shear Modulus (GPa) 0.49 1.2 

Lame constant À 0.70 
Lame constant µ 0.49 

Table 4. 7: Elastic properties calculated at T = 350 K in comparison with reference data [5]. 

4.3 Elastic properties of one chain of a-PS (N = 80) 

In Materials Studio the elastic constants are calculated with the statie method: for each 
configuration submitted for statie elastic constants analysis, a total of 13 minimizations (see 
section 2.1.3) are performed. The first minimization consists of a conjugate gradients min
imization of the undeformed amorphous system. The target minimum derivative for this 
initia! step is 0.1 kcal/molÁ. However, to reduce the time required by the calculation, a max
imum of 1000 steps is performed in attempting to satisfy the convergence criterion. Following 
this initial stage, three tensile and three pure shear (three means in every spatial direction) 
deformations of ± 0.05 % are applied to the minimized undeformed system (the system is 
reminimized following each deformation). The internal stress tensor is then obtained from 
the analytically-calculated virial [2], and used to obtain estimates of the six columns of the 
elastic stiffness coefficients matrix, equation 3.18. 

These calculations were clone at T = 350 K, so below T9 '"'"' 373 K. These calculations are 
very time consuming and cannot be clone for every frame (conformation of trajectory) of the 
production stage. In table 4. 7 the elastic properties are displayed which are averaged over 
frame numbers 5 - 20 (in total there are 600 frames in this trajectory) at T = 350 K. 

4.3.1 Uniaxial deformation 

An other way to calculate the tensile (Young) modulus is to look at the slope of stress-strain 
curves. At T = 330 K, T = 360 K and T = 490 K, the final structure after equilibration 
was uniaxial deformed in respectively x-, y- and z-axis. An example of a stress-strain curve 
is given in fig. 4.21. The other stress-strain curves are given in appendix G. For the uniaxial 
deformation the N PT ensemble is used, so a constant stress is applied to the structure. We 
did several N PT simulations with different stress (uniaxial, so stress applied in only one 
direction). Each of these simulation produces a point in a stress-strain curve. In fig. 4.22 the 
relaxation of the Young's modulus is shown with an initia! pressure of 0.003 GPa (the initia! 
pressure is the pressure which was inserted in Materials Studio, and so the final simulated 
stress can be different). There is a relaxation of the modulus and not an instantaneous 
modulus, because the constant stress is applied to the edge of the simulation cell. So the 
stress is growing to the middle of the simulation cell and after a characteristic time will b e 
uniform in the entire cell. From fig. 4.22 we can conclude that this characteristic time is '"" 
10 ps and '"'"' 30 ps respectively at T = 360 K and T = 490 K. 

In table 4.8 the resulting tensile moduli are given for the different temperatures. In this 
table also the average value, isotropy is assumed, is given. The reference value is 3.2 - 3.4 
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GPa (T = 298 K) [5]. We can conclude that the Young's modulus found for T = 360 K and 
T = 490 K are in agreement with experiment, hut have a large error bar. The error bar in 
the result at T = 330 Kis even larger, hut as can be seen in fig. 4.22 the Young's modulus is 
not yet fully relaxed. At T = 490 K the same Young 's modulus is found as in 'glassy' state, 
this is expected because our timescale is much shorter than the time needed to start diffusion 
of the chain as a whole. When this starts the structure starts to behave like a melt. But as 
we could see in our results of mean-square displacement, for our simulation times were are 
still in the Rouse regime, so even at T > T9 the structure haves a glassy behavior. 

The Young's modulus found with the uniaxial deformation method is larger and better 
in agreement with experiment than the Young's modulus found with the direct method in 
Materials Studio. As possible explanation is that the structure used in the direct method is 
equilibrated for a shorter time (see appendix A). Because the density in our model is lower 
than the experimental density, this means that this structure is more flexible and so less stiff 
(smaller Young's modulus). 
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Figure 4.21: Stress-strain curve for uniaxial deformation in x-axis at T = 360 K. The data of 
the addressed point is shown in 4.22. 
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Figure 4.22: Example of the relaxation of the Young's modulus for uniaxial deformation in 
x-axis at different temperatures. For T = 360 K the final E is addressed in fig . 4.21. The 
initial pressure was set to 0.003 GPa in Materials Studio, but e.g. as can be seen in fig . 4 .21 
the final simulated stress is,...., 0.03 GPa for T = 360 K. 

T (K) Ex Ey Ez Eavg 
330 2.7 ± 0.7 4.8 ± 0.5 6 ± 2 5 ± 2 
360 3.6 ± 0.2 3.5 ± 0.3 2. 1 ± 0.2 3.1 ± 0.8 
490 3.9 ± 0.5 3.5 ± 0.3 2.3 ± 0.3 3.2 ± 0.8 

Table 4.8: Young's modulus (GPa) from stress-strain curves from respectively uniaxial defor
mation in x (Ex), y (Ey) and z (Ez) direction. Also the average over all three directions is 
given ( Eavg). 
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4.4 Comparison with two chains of a-PS (N = 40) 

In this section a short comparison is given with the results for one chain of a-PS (N = 80) . 
Again short production runs (10 - 50 ps) at temperatures in the range 300 - 540 K and P = 0 
were done. At T = 490 K also two long production runs were done, respectively 400 and 600 
ps. 

Radius of gyration and characteristic ratio The radius of gyration is calculated at 
all temperatures after the amorphous cell construct (ACC) and the complete equilibration 
process and production stage. The average radius of gyration after ACC is 13.l ± 0.8Á and 
after the complete process 13.3 ± 0.8Á. The characteristic ratio's are respectively 11.0 ± 1.4 
and 11.4 ± 1.3. As expected the radius of gyration of the two shorter chains (N = 40) is 
smaller than that of one long chain (N = 80). 

X-ray scattering data As would be expected again two peak are clearly seen in the X-ray 
scattering patterns. The average position of the polymerization peak is 0.54 ± 0.09 and of 
the amorphous peak is 1.23 ± 0.05 . The positions are comparable with those of a-PS (N = 

80), these are respectively 0.54 ± 0.07 and 1.22 ± 0.03. The intensity of the peaks is of the 
same order than those of a-PS (N = 80). There is not enough data to determine if there is a 
temperature dependence of the intensities of the peaks. 

Mean-square displacements For temperatures in the range of 300 - 540 K the msd of 
the C-atoms is calculated. Because there are only short production runs in this range, only 
the slopes of the msd of the fast process is calculated. The average slope of the msd for the 
backbone C-atoms is 1.05 ± 0.01 and for the phenyl C-atoms is 1.38 ± 0.02. The slopes for 
a-PS (N = 80) in the same temperature range are respectively 1.04 ± 0.02 and 1.37 ± 0.03. 
Because in the fast process the atoms are not 'aware' of the surrounding atoms, the same 
slopes are expected. This is also the case. 

At T = 490 K also two long runs are done. The average slopes of these two runs in the 
slow regime are for the backbone C-atoms 0.64 ± 0.02 and for the phenyl C-atoms 0.65 ± 0.02. 
Fora-PS (N = 80) the values, T » T9 , are respectively 0.6 ± 0.1 and 0.57 ± 0.09. The values 
of a-PS (N = 40 and 80) are comparable. 
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Conclusions 

In previous Molecular Dynamic simulations [7] was found that the use of the all-atom model 
in the study of a-PS lead to inconsistent results in comparison with experiment and united
atom model simulations. In this study we found that the all-atom model can give us proper 
results, where the quality is dependant on the property studied. In table 5.1 the quality 
of our results is compared to experiment and other MD simulations with an all-atom and 
united-atom model. 

Our results for the radius of gyration and characteristic ratio are in agreement with theo
retical predictions [22] and united-atom simulations [6][7]. The density of our simulation cell 
has a constant deviation with the experimental density for T > T9 . The thermal expansion 
coefficient is slightly lower than the experimental value, hut in perfect agreement with the 
results from Lyulin et al. [6]. The glass transition temperature T9 normally is found as a 
change of the thermal expansion coefficient. We see the change, hut the data is too scattered 
to give a good approximation of the T9 , a rough estimation is ,...., 350 K. The final statie prop
erty studied is the X-ray scattering pattern. From previous united-atom simulations [7] [9] is 
known that there a two peaks in the X-ray scattering pattern. The first, 'polymerization', 
peak was found with our all-atom model in contrast to simulation with an all-atom model of 
Mondello et al. [7]. We also found the amorphous peak and the correct temperature depen
dence of both the 'polymerization' and amorphous peak. The position of the peaks from our 
simulation are shifted to lower q in comparison with united-atom simulations [7][9]. This can 
be an effect of the explicit hydrogens in our model, which will change the scattering pattern. 
However the qualitative and quantitative effect of this change is not known. The effect of a 
lower density in our model compared to experiment, contributes toa shift to lower q, because 
a lower density means a larger spatial distance which means a lower q. However the effect of 
the density (,...., 4 % ) cannot account for the whole shift of the low-q (,...., 25 % ) and high-q (,...., 8 
% ) peak value. With respect to the statie properties can be said, that Materials Studio fails 
to simulate the correct density. The effect is that some statie properties are infiuenced by 
the density deviation, hut our all-atom model seems to be self-consistent. When the density 
deviation is neglected the other statie properties are simulated in agreement with experiment 
and other MD simulations. 

52 
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Property Exp. uaMD aaMD remarks 
R 9 /Cso + + 

Tg - - diffi.cult to determine T9 

density - - constant deviation T > 350 K 
a +/- + thermal expansion coeffi.cient 

X-ray peaks + + + intensity 
X-ray p-peaks position - - polymerization peak 
X-ray a-peaks position +/- +/- amorphous peak 

T-dependence X-ray peaks + + intensity 
MSD slopes fast process + 

MSD slopes slow process T ::::; T9 -
MSD slopes slow process T » T9 + 

rot. mobility P1 t < 100 ps -

rot. mobility P1 t > 100 ps + 
MCTTe -

MCT 'Y +/- large error bars 
E direct method - - Materials Studio 

E uniaxial deformation + + for T;:::: 360 K 

Table 5.1: The quality of our results compared to experiment (exp.) and other MD simulations 
(ua = united-atom model, aa = all-atom model). +=agreement, +/- =small difference or 
large error bars, - = disagreement. When a cell is empty no comparison could be made. MSD 
= mean-square displacement, rot. = rotational, MCT = mode-coupling theory, E = Young 's 
modulus. 

We also studied the dynamic properties. We started with the translational mobility. Our 
all-atom model reproduced the fast diffusive motion in the first 1 to 2 ps of simulation as found 
by Lyulin et al. [6] and Roe et al. [9] . Then the effect of a 'cage' can be seen for temperatures 
below and around T9 . In the Rouse regime the mean-square displacement g(t) ,...., t 0

. The 
exponents we found are in agreement with the values found for the monomer in the middle of 
an a-PS chain in united-atom simulations by Lyulin et al. [6]. No clear difference in the slopes, 
for slow process, between the different atoms ( C and H) was seen. The absolute displacement 
is however increasing in the following order: backbone C-atoms, backbone H-atoms, phenyl 
C-atoms and phenyl H-atoms. From our simulations of the time-correlations functions P1 and 
P2 was concluded, that the relaxation times for honds at the end of the chain are smaller than 
those in the middle of the chain. Thus the monomers in the middle relax slower than those 
on the end. For times smaller than ,...., 100 ps the P1main and P1phenyl from our simulations 
are comparable with the results from Lyulin et al. [6]. For longer times the relaxation from 
our results is faster than the results from Lyulin et al. and so the fitted relaxation times 
from our model will be smaller. This effect is increasing with decreasing temperature and 
also this effect is larger for the C-C honds connecting the backbone and phenyl group than 
the backbone C-C honds. Again a smaller density of our structure could explain a smaller 
relaxation time. 

The mode-coupling theory was used both to describe the translational and rotational 
mobility. When Te was explicitly fit with our simulation data, a lower value was found in 
comparison with other MD simulations. This is in agreement with the lower T9 in our model 
due to the density deviation in our structure. So in our model Te is still larger than T9 as 
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predicted by MCT. If the exponents 'Y from our simulations are compared with other MD 
simulations [10][12], the exponents for both the translational and rotational mobility are in 
agreement, but the error bars are large. Due to these large error bars qualitative remarks, 
e.g. about the difference between atoms in the backbone and in the phenyl groups, cannot 
be made. 

The Young modulus was calculated directly in Materials Studio and from stress-strain 
curves (uniaxial deformation). With the direct method a value several times smaller than the 
reference value was obtained. The stress-strain curves where created at three temperatures 
(T « T9 , T ,....., T9 and T » T9 ). The averaged Young modulus for the first temperature is 
higher than the reference value, but has a large error, because the simulation time is to small 
to have an uniform stress throughout the whole simulation cell. The simulations at the two 
other temperatures gave comparable results, which are comparable with the reference value 
at room temperature, but still have a large error bar. 

Materials Studio is a commercial software pack with numerous possibilities. We used 
Materials Studio with an all-atom model for our Molecular Dynamics simulations. From 
previous MD simulations with PS inside Materials Studio is known that it has problems 
to fully equilibrate the structure [25]. However as mentioned above the statie properties 
of materials can be obtained with error bars comparable of united-atom models. Dynamic 
properties are much more difficult to obtain from Materials Studio. However Materials Studio 
is able to obtain a qualitative view of the dynamic properties of the material and the all-atom 
model is self-consistent. By using an all-atom model the calculations on a-PS (N = 80) are 
very time-consuming. Especially the equilibration and study of dynamic properties below 
and around T9 ask a lot of CPU time. The necessary statistics to produce good quantitative 
simulation results , especially in the mentioned temperature range, is hardly possible at present 
day. 
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Appendix A 

Overview of simulations 

Structure (N) Temperature (K) Series NVT (ps) NPT (ps) NVE (ps) 
short long 

2x40 300 1 50 50 10 50 
2x40 350 1 50 50 10 -
2x40 370 1 50 50 10 50 
2x40 400 1 50 50 10 -
2x40 430 1 50 50 - 50 
2x40 490 1 50 50 10 400 
2x40 490 2 100 100 10 600 
2x40 540 1 50 50 - 50 

Table A.l: Overview of all the calculations and the production times for 2 molecules PS with 
40 monomers each. The italic typefaced structures are calculated with the proper pressure of 
1 atm. Different series mean the same simulations, but with a different initial configuration. 

58 



APPENDIX A . OVERVIEW OF SIMULATIONS 59 

Structure (N) Temperature (K) Series NVT (ps) NPT (ps) NVE (ps) 
short long 

lx80 300 1 50 100 10 600 
l x80 300 2 100 100 10 600 
lx80 330 1 100 100 10 600 
lx80 330 2 100 100 10 600 
1x80 330 3 100 100 10 -

l x80 350 1 50 50 10 600 
l x80 350 3 100 100 10 -

lx80 350 4 100 50 10 -

lx80 350 5 100 200 20 -
lx80 360 1 100 100 10 600 
lx80 360 2 100 100 10 600 
l x80 370 1 50 50 10 600 
lx80 370 2 100 100 10 -

1x80 370 3 100 100 10 600 
l x80 400 1 50 50 10 600 
lx80 400 2 100 100 10 -

l x80 400 3 100 100 10 600 
l x80 430 1 50 50 10 600 
l x80 430 2 100 100 10 600 
1x80 430 3 100 100 10 600 
l x80 490 1 50 50 10 600 
1x80 490 3 100 100 10 450 
lx80 540 1 50 50 10 580 
1x80 540 4 100 100 10 536 
lx80 600 1 100 100 10 600 
1x80 600 2 100 100 10 600 
lx80 650 1 100 100 10 600 
1x80 650 2 100 100 10 592 

Table A.2: Overview of all the calculations and t he production times of 1 molecule PS of 80 
monomers. The italic typefaced structures are calculated with the proper pressure of 1 atm. 
Different series mean the same simulations, but with a different initial configuration. 



Appendix B 

BTCL script 

# BIOSYM btcl 3 

# 
# Input File For Discover Generated By Materials Studio 
#Input Client Model Document: C:\PS80\PS80_2_330K\Files\ Documents\Polystyrene AC 
Constr \ Polystyrene.xtd 
# Job: [saved] - Polystyrene Disco Min 

# 
autoEcho off 

# 
# Begin Forcefield Section 
begin forcefield = compass 

# 
# Nonbond section: 
forcefield nonbond \ 
+separate_coulomb \ 
vdw \ 
summation_method = atom_based \ 
cutoff = 9.50 \ 
spline_width = 1.00 \ 
buffer_width = 0.50 \ 
coulomb\ 
summation_method = ewald \ 
ewald_accuracy = l.e-002 \ 
update_width = 1.00 \ 
dielectric_value = 1.0000 

# 
# vdW long range energy correction 
vdWTai!Correction 9.50 
# End Forcefield Section 

# 
# Minimization Section: 
minimize \ 
method = newton \ 
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iterationJimit = 10000 \ 
sd \ 
convergence = 1000.0000000 \ 
line...search_precision = 0.5000000 \ 
cg\ 
convergence = 10.0000000 \ 
line...search_precision = 0.5000000 \ 
method = fletcher \ 
newton\ 
convergence = 0.1000000 \ 
line...search_precision = 0.5000000 \ 
mrucatoms = 200 \ 
method = bfgs 

# 
# Write coordinate file: 
writeFile coordinate filename = .cor 

# 
# Dynamics Section: 
dynamics \ 
time = 100000.00 \ 
timestep = 1.00 \ 
initiaLtemperature = 330.00 \ 
ensemble = NVT \ 
temperature_controL.method = berendsen \ 
decay_constant = 0.10 \ 
temperature = 330.00 \ 
deviation = 5000.00 \ 
execute frequency = 1000.00 \ 
command = print history 

# 
# Dynamics Section: 
dynamics \ 
time = 100000.00 \ 
timestep = 1.00 \ 
initiaLtemperature = 330.00 \ 
ensemble = NPT \ 
temperature_controlJnethod = berendsen \ 
decay_constant = 0.10 \ 
temperature = 330.00 \ 
pressure_controlJnethod = berendsen_pc \ 
press_decay _constant = 0.10 \ 
stress = {-0.00010 -0.00010 -0.00010 0.00000 0.00000 0.00000 } \ 
deviation = 5000.00 \ 
execute frequency = 1000.00 \ 
command = {print history} \ 
execute frequency = 1000 last...step = 0 \ 
command = {print table \ 
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filename = pressure \ 
+average \ 
+instantaneous \ 
+ batch_average \ 
batch_size = 500 \ 
+pressure} \ 
execute frequency = 1000 last_step = 0 \ 
command = {print table \ 
filename = temperature \ 
+average \ 
+ instantaneous \ 
+batch_average \ 
batch_size = 500 \ 
+temperature} \ 
execute frequency = 1000 last_step = 0 \ 
command = {print table \ 
filename = density \ 
+average \ 
+instantaneous \ 
+ batch_average \ 
batch_size = 500 \ 
+density} \ 
execute frequency = 1000 last_step = 0 \ 
command = {print table \ 
filename = strain \ 
+average \ 
+instantaneous \ 
+ batch_average \ 
batch_size = 500 \ 
+strain} \ 
execute frequency = 1000 last_step = 0 \ 
command = {print table \ 
filename = stress \ 
+average \ 
+instantaneous \ 
+batch_average \ 
batch_size = 500 \ 
+stress} \ 
execute frequency = 1000 last_step = 0 \ 
command = {print table \ 
filename = cell \ 
+average \ 
+instantaneous \ 
+batch_average \ 
batch_size = 500 \ 
+cell} 
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Appendix C 

X-ray intensity 

In section 4.1.4 the scattering intensity is given by 

(C.l) 

With q = 0 this leads to 

(C.2) 

The functions fi(q) can be fitted by an analytica! expression: 

4 

fx = L aie-b; (sinlJ/ >. )2 + c. (C.3) 
i =l 

From X-ray crystallographic data [4] the constants for Hand C are known, table C.l. 

at om a1 a2 a3 a4 c 
H 0.493002 0.322912 0.140191 0.040810 0.003038 
c 2.310000 1.020000 1.588600 0.865000 0.215600 

Table C.l: Constants for H and C from X-ray crystallographic data [4]. 

With the data from table C.l we calculate fH(O) = 1 and fc(O) = 6. In our model of 
a-PS (N = 80) there are 640 C-atoms and 642 H-atoms. The summations in C.l are done 
over all atoms so this gives us 

I(O) = L °L:!Jfk = 640 °L:fc fk + 642 L !Hfk = 
1 k k k (C.4) 

640fc(640fc + 642fH) + 642fH(640fc + 642fH) = 2 · 107
. 
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Appendix D 

Mean-square displacement 
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Figure D.l: Mean-square displacement of phenyl C-atorns at different temperatures, averaged 
for all phenyl C-atoms. 
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Figure D.2: Mean-square displacement of backbone H-atoms at different temperatures, aver
aged for all backbone H-atoms. 
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Figure D.3: Mean-square displacement ofphenyl H-atoms at different temperatures, averaged 
for all phenyl H-atoms. 
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MCT for translational mobility 
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Figure E.1: Mean-square displacement of the backbone H-atoms as a function of D0tt for 
different temperatures. 
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Figure E.2: Temperature dependence of the translational relaxation times Ttr = D;;1 of the 
backbone H-atoms. Equation 3.14 with Te = 380K is used for the fit. 
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Figure E.3: Mean-square displacement of the phenyl C-atoms as a function of Dat for different 
temperatures. 
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Figure E .4: Temperature dependence of the translational relaxation times Ttr = D-;;1 of the 
phenyl C-atoms. Equation 3.14 with Te= 380K is used for the fit . 
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Figure E.5: Mean-square displacement of the phenyl H-atoms as a function of Dat for different 
temperatures. 
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Figure E.6: Temperature dependence of the translational relaxation times Ttr = D;;1 of the 
phenyl H-atoms. Equation 3.14 with Te = 380K is used for the fit . 



Appendix F 

Relaxation times for 
time-correlations functions 

Temp (K) P1main 
middle end 
T (ns) (3 T (ns) (3 

300 15.2 ± 4.8 0.60 ± 0.01 4.1 ± 0.2 0.67 ± 0.07 
330 14 ± 12 0.65 ± 0.09 25 ± 25 0.5 ± 0.2 
350 14 ± 7 0.66 ± 0.03 4±4 0.8 ± 0.3 
360 5.7 ± 0.2 0.76 ± 0.01 2.60 ± 0.07 0.67 ± 0.01 
370 6±3 0.63 ± 0.04 5 ± 2 0.40 ± 0.06 
400 2.1 ± 0.8 0.76 ± 0.02 1 ± 1 0.65 ± 0.09 
430 3 ± 1 0.64 ± 0.09 1 ± 1 0.5 ± 0.2 
490 7±3 0.51 ± 0.04 2 ± 1 0.4 ± 0.3 
540 1.3 ± 0.5 0.46 ± 0.01 0.3 ± 0.1 0.33 ± 0.02 
600 0.5 ± 0.1 0.7 ± 0.2 0.22 ± 0.08 0.62 ± 0.08 
650 0.9 ± 0.3 0.58 ± 0.04 0.5 ± 0.3 0.4 ± 0.1 

Table F .1: The relaxation t ime T and (3 for P1 of main chain bond. Due to t he large scattering 
the error bars , especially for T < T9 , can be huge. This data is not used further in our report. 
Only dat a for T ;:::: = 490 K is used in the fitting procedure to det ermine 'Y· 
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Temp (K) P1phenyl 
middle end 
T (ns) /3 T (ns) /3 

300 2.8 ± 0.4 0.8 ± 0.1 3.6 ± 0.6 0.81 ± 0.07 
330 6 ± 8 0.8 ± 0.2 4 ± 3 0.6 ± 0.2 
350 22 ± 20 0.6 ± 0.2 1.40 ± 0.03 0.70 ± 0.01 
360 5.8 ± 0.2 0.65 ± 0.01 2.45 ± 0.05 0.61 ± 0.01 
370 1.4 ± 0.2 0.80 ± 0.03 3 ± 2 0.57 ± 0.01 
400 0.9 ± 0.6 0.9 ± 0.2 2 ± 3 0.7 ± 0.3 
430 1±1 0.7 ± 0.2 1 ± 1 0.7 ± 0.4 
490 1.5 ± 0.2 0.61 ± 0.07 0.21 ± 0.01 0.61 ± 0.01 
540 0.20 ± 0.09 0.61 ± 0.01 0.2 ± 0.1 0.42 ± 0.05 
600 0.19 ± 0.02 0.80 ± 0.06 0.14 ± 0.07 0.6 ± 0.2 
650 0.3 ± 0.1 0.7 ± 0.1 0.3 ± 0.2 0.5 ± 0.2 

Table F.2: The relaxation time T and /3 for P1 of phenyl bond. Due to the large scattering 
the error bars, especially for T < T9 , can be huge. This data is not used further in our report. 
Only data for T ~ = 490 K is used in the fitting procedure to determine f. 

Temp (K) P2main 
middle end 
T (ns) /3 T (ns) /3 

300 3±2 0.62 ± 0.08 1 ± 1 0.69 ± 0.04 
330 3±4 0.7 ± 0.2 0.97 ± 0.01 0.48 ± 0.01 
350 5±2 0.5 ± 0.1 0.8 ± 0.6 0.9 ± 0.5 
360 2.45 ± 0.05 0.61 ± 0.01 2.88 ± 0.06 0.41 ± 0.01 
370 1.2 ± 0.8 0.6 ± 0.1 0.39 ± 0.02 0.6 ± 0.1 
400 0.6 ± 0.2 0.72 ± 0.03 0.3 ± 0.2 0.8 ± 0.2 
430 0.6 ± 0.3 0.62 ± 0.06 0.2 ± 0.2 0.6 ± 0.2 
490 1.1 ± 0.5 0.49 ± 0.06 0.2 ± 0.2 0.4 ± 0.2 
540 0.16 ± 0.04 0.46 ± 0.01 0.2 ± 0.2 0.31 ± 0.05 
600 0.11 ± 0.01 0.7 ± 0.2 0.04 ± 0.02 0.56 ± 0.03 
650 0.1 ± 0.1 0.56 ± 0.06 0.04 ± 0.01 0.4 ± 0.1 

Table F.3: The relaxation time Tand /3 for P2 of main chain bond. Due to the large scattering 
the error bars , especially for T < T9 , can be huge. This data is not used further in our report. 
Only dat a for T ~ = 490 K is used in the fitting procedure to determine 'Y· 
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Temp (K) P2phenyl 
middle end 
T (ns) f3 T (ns) f3 

300 1.3 ± 0.6 0.66 ± 0.05 4 ± 3 0.6 ± 0.2 
330 3±4 0.6 ± 0.2 0.7 ± 0.5 0.5 ± 0.1 
350 3.2 ± 0.5 0.52 ± 0.09 9 ± 12 0.6 ± 0.4 
360 1.43 ± 0.03 0.60 ± 0.01 0.40 ± 0.01 0.71 ± 0.01 
370 0.6 ± 0.3 0.7 ± 0.2 0.6 ± 0.4 0.54 ± 0.01 
400 0.4 ± 0.1 0.68 ± 0.07 0.4 ± 0.3 0.59 ± 0.08 
430 0.3 ± 0.1 0.57 ± 0.05 0.08 ± 0.04 0.6 ± 0.2 
490 0.7 ± 0.4 0.44 ± 0.01 0.05 ± 0.001 0.33 ± 0.02 
540 0.06 ± 0.02 0.43 ± 0.03 0.02 ± 0.02 0.33 ± 0.09 
600 0.06 ± 0.02 0.6 ± 0.1 0.03 ± 0.01 0.53 ± 0.07 
650 0.09 ± 0.04 0.48 ± 0.07 0.04 ± 0.01 0.39 ± 0.08 

Table F.4: The relaxation time T and f3 for P2 of phenyl bond. Due to the large scattering 
the error bars, especially for T < T9 , can be huge. This data is not used further in our report. 
Only data for T :'.::: = 490 K is used in the fitting procedure to determine "f. 
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Stress-strain curves 
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F igure G. l : Stress-strain curve for uniaxial deformation in x-axis at T = 330 K. 
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F igure G.2: Stress-strain curve for uniaxial deformation in y-axis at T = 330 K. 
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Figure G.3: Stress-strain curve for uniaxial deformation in z-axis at T = 330 K. 
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F igure G.4: Stress-strain curve for uniaxial deformation in y-axis at T = 360 K. 
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Figure G.5: Stress-strain curve for uniaxial deformation in z-axis at T = 360 K . 
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Figure G.6: Stress-strain curve for uniaxial deformation in x-axis at T = 490 K. 
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Figure G.7: Stress-strain curve for uniaxial deformation in y-axis at T = 490 K . 
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Figure G.8: Stress-strain curve for uniaxial deformation in z-axis at T = 490 K. 


