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Summary

This thesis deals with Monte Carlo simulation of polymer systems. Polymers
are large molecules which consist of smaller chemical units which are called
‘monomers’. Well-known polymers are polyethelene, poly(vinylchloride) (PVC)
and polystyrene. Plastics and many of the artificial fibers (e.g. nylon) consist
of synthetic polymers.

In this thesis primarily flexible polymers are considered. Due to the flex-
ibility these polymers can attain many different spatial structures (‘confor-
mations’) which change from molecule to molecule and from time to time.
This leads to a statistical description where we are interested in the average
properties of the system, such as for instance the mean size (‘radius of gyra-
tion’) of a single polymer coil. Such averages of physical quantities are called
‘ensemble-averages”.

In polymer physics one generally looks for properties which are univer-
sal: properties which do not depend on the exact chemical details of the sys-
tem. The ‘Flory-exponent’ ν is an example. It is the exponent related to the
scaling relation for the radius of gyration Rg as a function of the number of
monomers (‘chain length’) N: Rg ∝ Nν. For flexible polymer chains under
so-called ‘good solvent conditions’ the value of ν equals 0.588, regardless of
the exact chemical composition of the polymer. To calculate such properties
it is therefore allowed to use simplified models (‘coarse grained models’): a
monomer (or a sequence of monomers: a so-called ‘Kuhn segment’) is for
instance represented by a sphere or by a lattice site in lattice models.

The Monte Carlo method is a way to generate the conformations of the
system with the right statistics, using a computer. The Monte Carlo method
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derives its name from the well-known casino of Monaco because ‘random’
numbers are heavily used by the computer program. A Monte Carlo simu-
lation consists of generating as many conformations as possible which serve
as a sample set for calculating the ensemble-averages. The exact ensemble-
averages are approximated in an increasingly accurate way as one simulates
longer, because a larger sample set leads to better statistics.

An important part of this thesis is devoted to ring polymers. Ring poly-
mers are linear chains where the chain ends are connected, forming a closed
loop. As a consequence an enclosed knot can not be undone. For the same
reason two closed chains which are ‘linked’ can not be untied. This phe-
nomenon is called ‘topological constraints’. Because of these topological con-
straints a polymersystem can only attain a limited portion of all the possible
conformations.

Topological constraints also have important consequences for unknotted
and unlinked rings. As two such rings approach each other closer they will
increasingly hinder each other. The number of attainable conformations of
the system decreases. This leads to an entropic repulsion between the rings.
For a system consisting of unknotted and unlinked rings in solution this re-
pulsion leads to an increased osmotic pressure. In chapter 4 this effect is
studied using a Monte Carlo simulation method that conserves the topology.
It is an off-lattice model where purely the effect of the topological constraints
is considered, switching off all other forms of interaction. We show that the
effect of this topological constraint is equivalent to an effective excluded vo-
lume.

In chapters 2 and 3 attention is focused on phase separation of ring poly-
mers in solution into a concentrated phase and a dilute phase. A theory is
used which is an extension of the well-known Flory-Huggins lattice model.
This extension is due to Szleifer and takes into account more details of the
conformations of the chains. Whereas standard Flory-Huggins theory does
not distinguish between different chain architectures, Szleifer’s theory does
predict a difference. In Szleifer’s theory the conformations of a single chain
are included exactly, whereas the interactions between the chains are taken
into account via a ‘mean field’. The theory uses the histogram for the number
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of ‘external contacts’ (i.e. potential polymer-solvent contacts) of a single chain
as input. This histogram is produced by means of a Monte Carlo algorithm.
Szleifer’s theory is a recipe for calculating the demixing curves (binodal and
spinodal) from the histogram. In chapter 3 an additional external field is in-
troduced to model the effect of elongational flow on the phase behaviour. A
marked difference in behaviour is found for linear chains compared to rings.
For linear chains elongational flow leads to an enhanced tendency to phase
separate, a tendency which becomes larger as the elongational flow becomes
stronger. For ring polymers the same behaviour is found for moderate flows
up to a certain point. However, increasing the flow further leads to an im-
proved miscibility. This is because for the linear chain the average number
of external contacts increases monotonically with the strength of the flow,
whereas for ring polymers the average will start to decrease again at a cer-
tain point.

Until now we have considered polymers with a non-branched architec-
ture (linear or ring). The next step is to look at branched structures. A comb
polymer consists of a backbone with side chains attached (‘grafted’) to it. In
chapter 5 we consider comb polymers with a cyclic (ring-shaped) backbone.
Here we use a model with ‘excluded volume interaction’ only. The mono-
mers are modeled as hard (impenetrable) spheres which are not allowed to
overlap. The presence of many long side chains has a strong influence on
the backbone conformation. Here also there is a marked difference between
comb polymers with a cyclic backbone compared to comb polymers with a
linear backbone. Theory and (to a certain extent) simulations show that the
backbone of a linear comb polymer becomes increasingly stiff, looking more
like a cylindrical object as the side chain length is increased. By analogy, it
may be expected that the backbone of a cyclic comb polymer approaches a
circle as the side chain length is increased. This is, in part, confirmed by the
simulatons in 5. The backbone conformation indeed becomes more planar
and circle-like, but only up to a certain extent. Compared to the linear back-
bone there is the additional complication that side chains on opposite sides
of the backbone will start to overlap. At this point the stiffening effect dis-
appears. To obtain real ‘donut’-shaped conformations, the side chain length
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and the backbone length must be increased simulateously.
The influence of side chains on the conformation of branched structures

is even stronger in two dimensions than in three dimensions. That is why
we consider comb polymers in two dimensions as well, introducing another
feature: attraction between side chain atoms through a potential of the form
−1/r6. Here we restrict ourselves to a linear backbone with rigid side chains.
The two dimensional confinement corresponds physically to polymers which
are strongly adsorbed to an interface or to solid surface as in Langmuir-
Blodgett films or the substrates used in “Scanning Force Microscopy”. Here
also the grafting of stiff side chains to a linear backbone leads to an effective
topological constraint with a corresponding stiffening effect. The stiffness of
the backbone is characterised by the so called ‘persistence-length’, which in-
creases as the backbone becomes more stiff. It turns out that the backbone
stiffness increases dramatically as the side chain length is increased. An im-
portant extra feature is the side chain attraction. It is remarkable that the per-
sistence length decreases as the strength of the attraction is increased. This is
the topic of chapter 6. Two versions of the model are considered: a version
where flipping of a side chain from one side of the backbone to the other side
is allowed and a version where flipping is not allowed. In the latter case we
consider a comb where the side chains point alternatingly to different sides
of the backbone.

In the model where flipping is allowed the snapshots show that, for a suf-
ficiently strong attraction, domains are formed of side chains that point in the
same direction. These side chains form densely packed structures. This is ac-
companied by a greater flexibility of the backbone and results in a decrease of
the persistence length. The onset of spiraling conformations is seen, similar to
those that were seen experimentally. In the literature this was attributed to a
‘frozen’ asymmetric side chain orientation with respect to the backbone. This
asymmetric side chain orientation can be the result of side chain attraction.
For the non-flipping model the imposed alternating side chain orientation
prevents the formation of such domains. However, in this system we also
found a reduction of the persistence-length as the strength of the attraction is
increased.




