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Chapter 1

Introduction

Polymerization is outstanding among chemical reaction processes due to its importance
for technical applications as well as for an understanding of complex processes in living
matters. A sequence of polymerization reactions forms large molecules from reactive
molecular sub-units called monomers. If the sub-units are all of the same type, we call
them homopolymers. Alternatively, the polymer chain may be a combination of two or

more structural units known as copolymers.

Dependent on the polymerization process and the ingredients of the reaction, polymers
may possess different architectures. The simplest architecture is called linear, in which
all monomers are arranged along a single backbone. However, there might also exist
more complicated structures such as star polymers, ring polymers, polymer block comb
polymers, etc. These architectures are mostly formed, as a result of branching points on
the polymer. Complicated structures may lead to different physical properties compared

to linear polymers.

Polymerization is classified into chain-growth and step-growth polymerization[l]. In
chain-growth polymerization, the production of polymers from free monomers takes
place in three stages[2]: First the polymerization has to be initiated by producing an
active site, from which the polymer chain grows. The active site is highly reactive and
is able to bind to a single monomer. The bound monomer makes the new end of the
chain and becomes active and this step is repeated and monomers are added one by one
to one end (or both ends) of the polymer. The successive addition of monomers to the
active end of the polymer is called propagation stage. Finally, the polymerization may
be terminated due to various reasons, for instance, by reacting the active sites of two

chains.



In contrast to chain growth polymerization, in a step-growth polymerization, reaction oc-
curs between any of the different-sized species present in the reaction system. One pro-
ceeds from monomer to dimer, trimer, tetramer, pentamer, and etc., and all the oligomers

react with each other, until eventually large-sized polymer molecules are formed.

In this thesis, we will study the dynamics of linear homopolymers, which undergo chain-
growth polymerization. Such situations are of importance, because they constitute a

large part of the technically and biologically relevant processes.

In 2001 alone, 36 percent of polymers in the United States were produced by free radical
polymerization, one of the most widely used chain-growth polymerization techniques.
polyethylene and polystyrene, the most widespread polymers in our daily life, both are

produced using free radical polymerization.

As an example, consider the free radical polymerization of polyethylene from sub-units
called ethylene or ethene CHo = CHy. Here the initiation stage is a two-step process.
First O—0 single bonds of the peroxide molecules are broken leading to production of
free radicals RO® inside the system. These free radicals are very unstable and highly
reactive. When an RO® gets close to an ethylene monomer, it attacks to its double bond,
breaks it and attaches to the monomer. The resulting molecule is the active center of
the polymer:

RO® + CH, = CH, 5 RO—CH,—CH,* (1.1)

and is capable of further growth.

In the propagation stage, monomers are bound to the active center. The active cen-
ter breaks the double bond of a monomer, and consequently the monomer attaches to
it. Again one electron remains unpaired and is prone to further polymerization. This

process continues and, while it is occurring, the chain length grows:
k
RO—[CHQ—CHQ]n. + CHy=CHy N RO—[CHQ—CHQ]n+1. (1.2)

In this thesis, we will call each of these addition processes a polymerization step or a
polymerization event. Note that the rate of each polymerization step is taken to be
equal and independent of the polymer length[l]. In free radical polymerization, the
most frequent termination occurs when two free radicals bind together. This reaction is
energetically favorable, because now the unpaired electrons in two free radicals become

paired and drop to lower energy level.

Another important example of chain-growth polymerization is actin polymerization in
cellular environments. In living cells, polymerization of actin filaments (F-actins) from

globular actins (G-actins) is essential in various cellular activities such as cell motility,



cell division and protrusions of neural cells[3]. Actin polymerization, like any other chain
growth polymerization, is characterized by three stages: initiation, propagation and
termination. The G-actin building blocks, however, are themselves (hetero)-polymers,
and therefore, F-actin is a supra-molecular polymer. In polymerization of actin filaments,
after formation of the so-called actin nuclei, which is, practically, the active center of
the polymer, filaments propagate rapidly by addition of G-actins at one (or maybe
both ends) of the chain called a barbed end. Inside cell, polymerization of actin is
usually a reversible process. In other words, monomers also may dissociate from the tip.
However, the rate of polymerization at the barbed end is about 50-500 times faster than
depolymerization[4-6]. Therefore, it makes sense if we neglect the depolymerization
process in such systems. Finally, the polymerization may be blocked by binding capping

proteins to the barbed end[7, 8].

Another important example, is the supra-molecular polymerization of microtubules from
sub-units called tubulin dimers. Micorotubules are one of the stiffest structural elements
found in animal cells. They polymerize by addition of free tubulin to the tip of the
filament—a process which is very similar to a chain-growth polymerization. The poly-
merization keeps on going and, consequently, the concentration of free dimers decreases
until this concentration reaches a critical value. Below the critical concentration, the

regular polymerization is interrupted and the depolymerization phase starts.

There are important situations, where the termination processes are blocked (at least
during the time of observation) by some mechanism, and the propagation carries on
until all monomers in the reaction chamber are used up. This type of polymerization is
called ” living”. The term was introduced by M. Szwarc [9]. It has become an important
tool in technical control of polymerization processes, for example to produce polymer
systems with narrow molecular weight distributions[10] or systems with complex poly-
meric architectures[11]. To synchronize the propagation stages of a many-chain system
requires de-initiation process to be fast. In this thesis we concentrate on growth and
conformation of a single chain, and consequently use the term living polymerization in a
slightly broader sense, irrespective of the time-scale of initiation. For us, the important
feature of living polymerization is, that the polymer chain growth continues for ever, if
the system is constantly fed with monomers. Our focus will be on the conformational
dynamical properties of polymerizing chains during the propagation stage. We always
assume that the chain is already initiated and, on the timescale of our observation,

termination processes are absent.

Understanding the evolution of such reacting polymers necessitates the knowledge of
the conformational evolution of non-reacting polymers as well as the underlying mech-

anism of chemical reactions. These two topics are both well established and have



been extensively studied in physics and chemistry. The well-known standard models
of conformational dynamics such as the Rouse model[12], Zimm model[13] and repta-
tion model[14, 15] are set up for non-reacting chains of fixed molecular structure. These
models all describe the dynamics of fixed-length polymers as Brownian particles which
are connected together. Theoretical reaction models, on the other hand, are usually
formulated as stochastic processes in the space of chemical sequences of monomers [16].

The majority of studies, however, have considered the two processes separately.

In two extreme cases, studying the dynamics of (de-)polymerizing polymers seems to
be straightforward: Either the conformational dynamics of the chain evolves over a
much longer timescale than the chemical reactions, or the opposite situation occurs,
in which the chemical reactions take place much more slowly than the conformational
transition of the polymer molecule. In both of these cases, the timescales involved in
the chemical reaction and that involved in the relaxation process of the polymer chain
trough equilibrium are sharply separated. Therefore, in the former case, one assumes
that between two chemical reactions the polymer relaxes spontaneously to its equilibrium
state. The latter can be treated by assuming that the chain conformation does not
change considerably between two chemical reactions and therefore, the conformation is

considered to be rigid.

However, there are situations, where the conformational evolution of the chain and the
chemical reaction occur at comparable rates and the decoupled approach gives no insight
into the real process. In a typical polymerization process of polystyrene with a monomer
concentration of 3M and the characteristic polymerization rate of 4.4 * 10~'m?/mol - s
[17], the rate of polymerization for each of the initiated chains is approximated to be 1000
monomer per second[18]. On the other hand, the typical relaxation time of polystyrene
varies in a range between 1 to 10 seconds, depending on the experimental conditions

such as temperature and solvent viscosity[19].

For actins, the situation is more or less the same. For example, actin filaments in a
bath of G-actins with a concentration of 4;M[20] polymerize at a rate of about 50 — 500
monomers per second[4], while the typical relaxation time of such a filament has been

measured to be about 15 seconds[21].

In cellular environment, monomers or regulators of reactions are provided in limited
amount and degrade or diffuse away from the reaction volume and may lead to decreas-
ing reaction rates[20, 22-25]. In all these situations, the two dynamics of the polymer,
namely the conformational evolution and the chemical reaction dynamics, may be cou-
pled in several non-trivial ways. For instance, the motion of the polymer ends (where

active centers are positioned) as reactants, may affect the rate of the polymerization



reaction. On the other hand, the evolution of the polymer length due to the polymer-
ization reaction will definitely change the conformational dynamics of polymer chains.
For such a mutual coupling between these two dynamics, we expect complex dynamical

behavior of a polymerizing chain.

To study the coupling between the conformation of the polymer and the chemical reac-
tion, we have extended the Rouse model to cases where the polymer undergoes polymer-
ization. In the next two chapters, we introduce the model of conformational dynamics
of a growing flexible chain, step by step. To keep the discussion self-contained and to
fix the notation, we start with a brief review of the Rouse model of conformational dy-
namics. This topic is discussed in detail in many textbooks on polymer dynamics (see
references [15, 26]), but as we will make use of exact solutions of this model in our simu-
lation method, we will discuss several variants, including different boundary conditions.
Next, based on the stochastic description of chemical reactions, we present a model for
the chain-length evolution due to the chemical reactions. Finally, on the basis of these
two models, we extend the Rouse model, to describe the dynamics of a polymerizing

polymer. This model will be presented both in discrete and continuous versions.

The rest of this thesis is devoted to the study the dynamical properties of a Rouse chain,
which is growing deterministically in time. We will consider various experimentally rele-
vant scenarios and study the impact of the non-stationary growth on the conformational
dynamics of living Rouse chains. A more detailed roadmap about the thesis is available

in Section 2.6.



Chapter 2

Model and Roadmap

We model the conformational dynamics of a living polymer from two well-studied in-
gredients: the Rouse dynamics of a flexible chain of fixed length and the Markovian
description of polymerization reaction. We review both of these parts before we com-

bine them into our theoretical model, which is the basis of the subsequent work.

2.1 Rouse model

2.1.1 Discrete chain

The Rouse model is a very simple dynamic generalization of simplest model of equilib-
rium conformations of a single flexible polymer chain in solution. This simplest model
neglects all non-bonding interactions between monomers (like, for example, excluded
volume interactions due to steric repulsion). The energetically degenerate conforma-
tions form random walks in position space. If the polymer is described by a set of
M + 1 molecular monomer positions, and these molecular monomers are grouped into a
sequence of a N 4 1 beads, also called quasi-monomers, which consists of a sufficiently
large number of molecular monomers in sequence, the central limit theorem assures

that the bond vector g, connecting two successive beads, is distributed according to the

. 3 b2
p(b) = (ij2> exp [—?);ZL] : (2.1)

Note that p(b) is characterized by a single parameter b > 0, which is also called the Kuhn

Gaussian statistics:

length and is chosen so, that the average <I;2> = b2. We can interpret the joint distribution

p(gl, e ,I;N) as the Boltzmann equilibrium distribution of bead conformations, if we



. . 3 \3N/2
p(R(]a te aRN> = <27Tb2> e_ﬁ’HO (22)
with: N
1 o 3|,
Ho =5 Z 52 (2.3)
n=1

The statistical properties of such a system is equivalent to a chain of beads connected

via entropic Hookian springs with the spring constant (see Fig. 2.1):

 3kpT

k:= TR (2.4)

This model is called Gaussian chain model. We can also introduce the tension along

FIGURE 2.1: In the Rouse model, the polymer is modelled as a set of beads connected
via springs, all floating in a concentrated fluid, where the inertia of each bead can be
neglected compared to the friction encountered by each bead.

the chain as &, = —kgn. As we will see in Chapter 5, understanding the distribution of
the tension along the polymer gives an important insight into the structural properties

of the chain.

A simple polymer dynamics based upon this Gaussian model has been introduced by P.
E. Rouse [12]. In the Rouse model we assume that the beads behave like (over-damped)
Brownian particles, coupled by entropic springs between adjacent beads. The dynamics

of chain conformations, thus, becomes a system of linear Langevin equations[27].



We can collect all 3N + 3 Cartesian components of the bead positions into a single

column vector,

—

Ry
R=1|:|. (2.5)
Ry
This may be read as an N component vector (indexed by Latin characters) of 3-

component position vectors of monomers. The Cartesian components will be represented
by Greek indices «, 3.

Later, the number of N + 1 beads may change. Then we will make it explicit as an index

and write Ry. The Langevin equations may be written as

—

(— =Fp, (R) +F., (1%) +f, (2.6)

where the friction force ¢ %? on the left hand side is balanced by all the internal forces

F, (ﬁ) := V gpH exerted from other subunits of the chain, by externally applied forces
F., (ﬁ) and by Langevin stochastic forces f from the solvent. F‘m, as obtained from

the Gaussian chain model, is linear in R and may be written as:

~ 3kT
Fin = _bT

AR. (2.7)
The coupling between the beads can be represented as an (N + 1) x (N + 1) matrix A,
which in textbooks is called the Rouse matriz. As we will see later, different experimen-
tal set-ups refer to different Rouse matrices. The stochastic force j? is a delta-correlated
Gaussian random force field and can be fully characterized by its first and second mo-

ments:

<fn,a> =0 (2.8)
<fn,a(t)fn’,,3(t/)> = 2<kBT5a,65n,n’6(t - t/) (2'9)

The prefactor of the second moment, is fixed by FEinstein’s relation, which guarantees
that the stationary distribution of the Langevin process is the Boltzmann distribution
given in Eq.(2.2)[15]. In Eq.(2.6), the only non-linearity can arise from the external force
F.,, caused for example, by nonlinear flow fields in microfluidic devices[28, 29]. In this
thesis, however, we are only concerned with linear flows or other external forces linear

in R.

The Rouse model neglects (i) non-linearities of the chemical bonding forces, (ii) entan-
glement effects, (iii) effects of inertia, and (iv) all non-bonding and all solvent-mediated

interactions. The neglected effects may lead to different scaling behaviour of physical



properties with chain length, and seem to restrict the applicability of the model to special

situations (theta solvent) or to single chain properties in melts[15].

As the most simplistic model developed to describe the dynamics of polymers, the Rouse
model may prove to have shortcomings. For example, for extremely long chains, where
the entanglement effects are important or in a dilute solutions, where the excluded
volume effects has to be taken into account[15, 30], the simple Rouse model does not
seem to be applicable. Nevertheless, the Rouse model is still widely used by polymer
chemists and experimental physicists to successfully describe the dynamics of polymer
chains. For example R. Shusterman et al. analyized a single strand DNA using the
Rouse model[31]; K. L. Sebastian modeled a double strand DNA as two Rouse chains
interacting with each other[32], and T. Glomann et al. described the dynamics of a

synthetic polymer Polyethylene Glycol using the Rouse model[33].

For our theoretical analysis, this model is of particular importance, because its linear
structure allows us to construct efficient simulation algorithm and to find reliable ap-

proximate solution for the conformational dynamics of a living chain.

In studying the dynamics of polymers one can imagine various scenarios. For example
we may study the dynamics of a chain in a fluid free of any external force. Or one
might study the dynamics of a chain clamped at both ends. Or one may be interested
in rheological properties of polymers and study the properties of a single chain under
shear flow. All these situations may affect F‘m, ﬁm or both of them. In the following

we formulate some of the experimentally relevant set-ups.

e Free chain: The simplest case is a single chain in a solvent with F,, = 0. For
the interior beads, i.e. n # 0, N, the springs couple the dynamics of the n* bead
to the n — 1% and n + 1*" bead:

ﬁ”vm = _k(QEn - ﬁn—l—l - En—l) (210)

At the boundaries we can write:

Foin = —k(Ry — Ry) (2.11)
Fnin = —k(Rx — Ry_1) (2.12)
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Therefore the Rouse Matriz A defined in Eq.(2.7) can be written as:

(1 -1 0 o0 0]
-1 2 -1 0
A= oz (2.13)
0 -1 2 -1 0
1 2 -1
0 0 0 -1 1|

In Sec.2.2.1 we will discuss the exact solution for a chain of fixed length.

Dragged polymer: Many efforts have been undertaken to understand the static
and dynamical behavior of polymer chains dragged at one end[34, 35]. Studying
polymers under an external fixed force provides understanding about the tension
propagation along the polymer. For a chain dragged via a constant force F acting

on the first bead, the external force vector is:

— —

Fep,a = daoF (2.14)
One end grafted from or onto a surface: For technical applications, under-
standing the physics of polymer brushes is of great importance. A brush is a set
of chains with one end attached to a surface, while the other end is free. The first
step in understanding the dynamics of brushes is to neglect the intermolecular
interaction between different chains and therefore reduce the problem to a single
chain problem. Here, for the sake of simplicity and without loss of generality, we

assumed that the grafted end is fixed at the origin. For such a chain, one can write
éizo (t) = 0.

Both ends grafted: One interesting example for a polymer chain which is grafted
at both ends onto a surface is a grafted polymer ring. A grafted ring onto a surface

can be formulated by putting the constraint

Ro(t) = Ry(t) = 0. (2.15)

Polymer in flow: In studying of the rheological properties of a polymeric fluid, it
is common to impose a flow field in the fluid and study the response of the system
to this distortion. If we neglect the interactions between different chains in the
polymer solution, we can restrict our focus to a single chain under such a flow. In

general, considering an external velocity field ¥(7,t), the external force F., can be
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expressed as:
ﬁ(R07 t)
Fer =¢ : : (2.16)
F(Ry,t)

For the n'* bead, one can write the force balance relation of Eq.(2.6) as:
C(O0F = (R, t)) = Fuin + [ (2.17)

Here, the left hand side shows, that the flow field changes the friction experienced
by the bead due to the change in the relative velocity between the bead and the
solvent. Depending on the nature of the flow field, it can be linear or nonlinear in
the R. In Chapter 6 we will study the dynamics of growing polymer chains under

a special, but still very commonly used flow field, namely steady shear flow.

2.1.2 Continuous chain

On scales, which are much longer than the Kuhn length b, it is possible to describe
the dynamics of the polymer in a continuum limit, for which the chain is considered
as a curve ﬁ(s,t) in space. A simple minded first approach would be to let N — oo
and b — 0, keeping Nb = [ finite, but this would imply the mean-squared end-to-end
distance of the chain (R2,) = Nb? = 0. Instead, we can introduce a coordinate s = nb?.
Then, in the formal limit, the Gaussian Hamiltonian becomes SHy = % Yon(Ry —
R,1)? =33, b%%ﬂ — %fé(@R(s)/@s)st. Note that in the equation above,
without introducing new variables we replaced R, by ﬁ(s,t), which is the continuum

representation of the chain in space and time.

The evolution equation for the position of internal beads (excluding the boundary, i.e.
s=0and s =1)

R,o1+ R, ,—2R, .
1 b’jl ! b + £ (t) (2.18)

CdR,/dt = (3kpT/b?) (
Now we can formally take the limit b — 0 and get:

ey (2.19)

dR 2R
dt 0s?

with ¢* = ¢/b?, k* = 3kT and a rescaled noise.
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- -

where f(s,t) is a rescaled noise, i.e. f (s,t) == =z~. The moments of this noise field
reads:
(Fls,8) =0 (2.20)
(fa(s,0)fa(s', 1)) = 2KTC* 60 50(s — 8')6(t —t'). (2.21)
65

Here we used the continuum limit of the Kronecker delta function namely T’s/ — 0(s—¢).

We want to stress that the continuum limit has been introduced here in a purely heuristic
manner. In fact, solution ﬁ(s,t) of Eq.(2.19) lack the regularity, which was implicitly
assumed in our discussion. R(s,t) is only Holder continuous with index 1/2 in s and
1/4 in time[36]. Our arguments, however, do only need a mollified version of R and are
thus untouched by the lack of regularity. Mollifying also corresponds to interpreting the
continuum model as a coarse grained version of the discrete model, i.e. it reproduces
the properties of the discrete model for conformations Ff(s,t), which vary very slowly

between adjacent monomers.

Appropriate boundary conditions at ]-?(n = 0), grafted onto or from a point 7, are
obviously given by E(n = 0,t) = 79 and are called Dirichlet boundary conditions. At
a free end the balance of forces has to be considered. All the acting forces, i.e. the
harmonic bonding forces, the friction forces and the stochastic forces produce finite line
tensions, i.e. finite force per chemical length, but no additional forces located at the
boundary. Thus if we integrate the equation (2.19), over a small s-interval including the
boundary and let the length of the interval go to zero, we find that the tension £ = ko, R
has to vanish at the boundary: 8né|n:0 = 0. These boundary conditions are called von
Neumann boundary conditions. Finally, if the end is dragged by a force F located at the

boundary, the force balance requires: 8n§\n:0 =F.

2.1.3 Non-dimensionalization

As a primary step in analyzing the polymer dynamics we choose appropriate scales for
quantities with dimensions energy, length and time. It is natural to choose kg7 and
the Kuhn length b as the basic energy and length units respectively. We also choose the
basic time unit as the time it takes for a bead to diffuse a distance b:
b2
Tp

=35 (2.22)

with the diffusion constant D = kgT/¢ which is equal to (/k, if the spring are entropic

springs with spring constant given in Eq.(2.4). In the following we non-dimensionalize
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all lengths, times and energies involved in the evolution equations (discrete and con-
tinuum) by the basic units introduced above. Introducing the asterisk letters for non-
dimensionalized variables, we get: R = % and f* = kl;—fT which result in d;l* R =

—AR* + f*. The first and second moments of the noise fj{, become ( fj{,> = 0 and

(Fr o) Fo (")) = 200,50n,m0(t* — t*') respectively. For the continuum limit, let us
re-introduced n as a continuous non-dimensionalized parametrization n := ;5. Putting
everything together, the continuum version of the Rouse chain can ultimately be de-
scribed as:

Op R*(n,t*) = 2R (n, t*) + f*(n, t*) (2.23)

along with the noise correlation:

(f*(n,t) =0 (2.24)
(fa(n,t") fa(m, ")) = 200,30(m — n)3(t* — t*') (2.25)

«

and boundary conditions, like:

O R |n—o = 0 (2.26)
OB ey =0 (2.27)

for a force free chain. During this work we will use both discrete and continuous de-
scriptions interchangeably. To avoid confusion and keep notations simple, we drop the

asterisks and only use the non-dimensionalized variables introduced in this section.

All in all, our non-dimensional equation of motion in discrete form reads:

—

O R(t) = AR(t) + f(t) (2.28)
and in the continuum version:

O R(n,t) = 82 R(n,t) + f(n,t). (2.29)

Due to the simple form of Eq.(2.29), we can map all the conformational properties of
chains of different length N to the properties of a chain of length 1. So instead of n we
use 0 := %, (0 < o < 1) which gives us 97/N? for the Laplace operator. Multiplying by

N? and introducing 7 := ﬁ yields:

8, R=9R+VNf(o,7). (2.30)
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—

The stochastic term f(o,7) is just the standard white noise with:

(fa(m,0)f3(7",0")) = 20436(T — 7')6(c — o). (2.31)
Finally we can transform the position vector R as p= \/% in order to obtain:

0.0 =05+ f. (2.32)

2.2 Solution of the Rouse model

2.2.1 Discrete chain

To solve the set of linear stochastic differential equations (2.28) one has to find the N +1

eigenstates ¢y, - -- , ¢n of the Rouse matrix:

A‘Ibp = CpPp- (2.33)

If we expand the dynamical variables on this basis, we will have a decoupled set of
ordinary differential equation for modes, which can be solved using various techniques.
Finally, the position vectors can be obtained by transforming these modes back to the

position space. For a force free Rouse chain, the n** component of ¢p reads:

1

= 2.34
Pn,0 O (2.34)
2 p(2n+ )7
=\ — 2.35
Surri= 5o (T ) (2.35)
and the corresponding eigenvalues are:
. p
Cp S1n <2(N+1)> P )y 4y ) ( )

The components of R can be written as:
N
p(2n+ 1)m
—_ 2.37
- \/ R s A
N
> p(2n+ 1)m
n(t — 2.
falt) = ﬁ R Aot Z:j 2V 1) (2.38)

where Xps are the modes of the position vector R,. The orthonormality of the basis

leads to:

—

9 X,(t) = e, X,(t) +7,(t) p=0,1,--- N (2.39)
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with:

—

(Mp(t)) =0 (2.40)
(10, (t)0p,q(t')) = 200,30p,40(t — 1) (2.41)

As one can see from Eq.(2.39), the set of N + 1 coupled equations for R,s is converted
to a set of NV 41 independent ordinary differential equations for the modes )zp(t), which

can be solved using standard methods. The solutions read:

t
Xo(t) = [ ) + Fotto) (2.42)
to
t
Xp(t) = Xp(to)e (=10 4 / e i )dt p#0 (2.43)
to

Multiplying both side of Eq.(2.43) by the fixed initial )?p(to) and averaging over 7, in

Eq.(2.41), we can easily read off the autocorrelation function for each mode:
(Xp(t) - Xyp(to)) = Xp(to)e™ 1) (2.44)

The p* mode relaxes exponentially with the characteristic time scale:

T, = Clp - [4 sin <2(]\1;:1)>] o (2.45)

For modes with p < N, this relaxation time can be approximated as:

W <N>2. (2.46)

p?\m
The longest relaxation time is called the Rouse time:

N2

TR = (2.47)

T2

which defines the relaxation timescale of the polymer chain as a whole.

2.2.2 Continuous chain

To solve the continuous model of the Rouse chain, the Rouse matrix Ais replaced by the
Laplace operator 0%/0n? with appropriate boundary conditions. The eigenfunctions of
this operator gives a complete orthonormal system. For a free chain, these eigenfunctions
are ¢p(n) o< cos (prn/N) with p =0, - - - , 00, whereas for a ring polymer grafted at ¥ = 0,

the eigenfunctions are o sin (prn/N) with p=1,--- , c0.
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So for a free chain we can write:

—

R(n,t) = Xo(t) +2 3" X, (t) cos (JEN”) . (2.48)
p=1

—

The inhomogeneity f(n,t) can also be expanded in the same way:

Flnst) = 7io(t) + 23 (@) cos (221 (2.49)

p=1

Substituting this equation into the evolution equation, and making use of the orthonor-
mality of ¢ps, the partial differential equation is converted to an infinite set of ordinary

differential equations for the modes:

9 Xo(t) = Tio(t) (2.50)
0 Xp(t) = —kp Xp + (1) (2.51)

with k, = &F. Solving these relations yields:

Xolt) = [ (e + %0 (252
X,(t) = X,(0) exp [—k2t] + /0 dt’ exp [—k2(t —t')] 7, (t) (2.53)

The properties of the noise modes,

(p(t) =0 (2.54)
1

O ()3(1)) = -0

8a,80p,q0(t — '), (2.55)

can be obtained with the help of the inverse transformation

. 1 (N
Xy =+ / Bp(n,t) cos (1%) dn (2.56)
0
1N prn
= N/o 7j(n,t) cos (T) dn (2.57)

(2.58)
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Alternatively the solution ﬁ(n, t) can be given using the Green’s function G(n, t|n’, t')[37]:
1 2 pITN prn/ P 2
! 4/ /
=—4+ — g — — — = — 2.
G(n,tn',t") N NPICOS(N>COS< N )exp[ (N) (t t)], (2.59)
which obeys the von Neumann boundary condition. é(n, t) can be written in the form:

t N N
R(n,t) :/ dt’/ dn’G(n,tn',t’)f(n',t')+/ dn'G(n, t|n’,0)R(n,0).  (2.60)
0 0 0

2.3 Observables

2.3.1 Center of mass and end-to-end vector

The simplest observable to calculate is the position of the center of mass, which for the

discrete chain is closely connected to the dynamics of the zerot” mode:
1 & 1
R t) = —— R,(t) = Xo(t 2.61
com() N+1nz_0 n() N +1 0() ( )

Let us calculate the end-to-end vector defined as the vector connecting the base to the
tip of the polymer. The position of the tip and base monomers can be calculated from

Eq.(2.37). The end-to-end vector reads:

This equation can be simplified using cos(a — b) — cos(a + b) = 2sin(a) sin(b) as
. 2 _ pr
eelt) = =24 —— X, (t — . 2.

The time correlation of the end-to-end vector can be calculated in terms of the time

correlation of the modes:

(Ree(t1) - Ree(to)) = Nil p ;dd cos <2(]§”+1)> cos <2(N?”+1)> (X,(t1) - X, (t2)).
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The correlation of the modes can be obtained as:

(Xp(tl) ’ Xq(t2)>
t t2 k‘2 ’ 2 "
= [ et g )
0 0

3(5 /t1 ek (ta—t") o=k (t1—t")
N p,q 0

and therefore:

v v _ 35p7q —k2(ta—t1)

Consequently the end-to-end distance autocorrelation can be calculated as:

_ . 24 e~ kp(ti—t2)
<Ree(t1) : Ree(t2)> = N Z T (2.66)
p=odd p

For large t; — to this series is dominated by:

g g 24N ™
<Ree(t1) : Ree(t2)> — ? (W)2(t1_t2). (267)

2.3.2 Segmental motion: short- and long- time Behavior

Let us consider the dynamics of single monomers on a free Rouse chain. Here we focus on
the mean squared displacement of the base point located at n = 0. We will discuss the

behaviour of this point for ¢ < 7 (short time regime) and ¢ > 7 (long time regime).

We can express the dynamics of each of the monomers in terms of the Green’s function.
Therefore we first approximate the limiting behaviour of the Green’s function and then

use this approximated Green’s function in our calculations.

1. t <« 7p: To approximate the Green’s function of Eq.(2.59) for the short time
regimes, we can use the following form of this Green’s function, which can be
obtained by the method of images[37]:

e > o = PR

(2.68)
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This form is particularly convenient for short time approximations. It is easily

read off that for large N, the short time regime is dominated by the p = 0 term,

R = I

We note that this result could also be obtained from Eq.(2.59) by converting

G(n,tn',t)

the infinite sum over p to an integral over a continuous variable p. Note that
the approximated Green’s function does not obey the von Neumann boundary

conditions at n = N:

n' 2 —n/ 2
(N +n')exp [—%} + (N —n')exp [—%}

Opln=nG(n,t|n,t') =
In=NG(n,tn’,t') =

(2.70)
However, the misfit at n = N typically (i.e. for n’ a finite fraction of N) decays
as (t —t')3/2 exp[-N?/4(t — t')].

Now using this Green’s function we can easily calculate (R%(n,t)). For simplicity

we consider n = 0, which we will use in later discussions:
R(0,t) / dt’/ An'G(0, tjn’  ¢) f(n ') + / dn/R(n’ , t0)G(n, t|n’, to).
to /
(2.71)

Here we have dropped the term which originated from initial condition which has

decayed on the intermediate time scale considered here. Consequently:

(R?(0,1)) — dtl / dt) / dn) / dnl)
to to
/2

60(n) — n5)d(ty tz) we 4(:Eté)
\/71' t—1t)) \/77

We can now perform the integrals over the variables ¢, and n}, which yields:

S 2(tt)
R*(0,t)) — 6 [ dt dny———~
< % /t\o 1/ n t_tl)

Integration over nj results in:

N
- v erf < 2(t—t’1)>
(R7(0,t)) =3 | —F=—

to  /2m(t —1t})
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Note, that we are in the short time regime, i.e. t < N2. Therefore we can use the

asymptotic expansion of the error function which is:

2 g2
e e
erf(x) — 1 — = + O( . ) (2.72)
and eventually we obtain:
t—1t
(R*(0,1)) — 3 (t=to). (2.73)

2

The monomer thus moves sub-diffusively over a period of time, which grows with
chain length. This derivation is easily generalized to any other monomers in the

chain.

. t > 7r For times much larger than the Rouse time, all modes with p > 0 have
relaxed to zero. In this time regime, we can thus approximate the Green’s function
Eq.(2.59) as:

1
G(n,t|n',t') — —

¥ (2.74)

Now the mean squared displacement of the base monomer (and also any other

monomer) becomes:

R%(0,t tdt’ tdt’ Nd’ Nd 1 S s — e —ny = 3
(R7(0,1)) — 1 2 ny No=75 (t1 —t3)d(ny —ny) =
to to 0 0 N N

Thus the motion of a monomer crosses over from subdiffusive behaviour to diffusive

behaviour with increasing time.

2.3.3 Tension dynamics

In a discrete chain the force exerted on the n'* monomer by the (n — 1) monomer is

given by:

- —

—bn(t) = —Ru(t) + Ru-a(t) (2.75)

Here we have used the dimensionless variables introduced in Section 2.1.3. Correspond-

ingly, in the continuous chain, the line tension is related to the bond vectors as:

—

—b(n,t) = —0,R(n,t). (2.76)
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All the monomer positions ﬁn can be reconstructed from the bond variables gn and the

center-of-mass position ﬁcom. To see this we start from:
n
R(n,t) = R(0,t) + Y _b(i, 1) (2.77)
i=1

and insert into Reom = (1/N 4+ 1) R,,. This leads to:

N
N N n -
t) = Reom — 1- b it). 2.
R(0,t) = B nX:jl( N1t (2.78)
In the continuous version the sum becomes an integral R(0,t) = Reom — fON(l -
+)b(n,t)dn” and therefore:
. n _ N ’I’L/ . .
R(n,t) = / b(n/,t)dn’ / (1-— N)b(n/,t)dn' + Reom. (2.79)
0 0

The dynamics of the fixed-length polymer chain may alternatively be described in terms
of the bond vectors. According to Eq.(2.76), we obtain the evolution equation for the
bonds by differentiating both sides of Eq.(2.29) with respect to n:

dyb(n,t) = 026+ O, f. (2.80)

For a free chain the von Neumann boundary conditions for R change to Dirichlet type
for bond vectors. Such a transformation of a boundary condition of von Neumann to

Dirichlet can be extremely helpful in analyzing growing chains.

Note that the regulatity properties of b are weaker than those of R due to the derivative
of spatial white noise driving the system. However, this causes no problem as can be
seen by representing the solution to Eq.(2.80) in terms of Green’s functions Gp obeying

homogeneous Dirichlet boundary conditions:

- —

N t N
Bin,t) = / B, 0)G i (n, n, £)dn’ + / / Gt — )0y Fn', t)dn'dt’. (2.81)
0 0 JO

The derivative of the noise can be transferred to the Green’s function using partial

integration. This yields:

B, ) = /0 t /0 ey (Gt ) o 1)

t pN
—/ / fn', )0, Gp(n,tin', t')dn'dt’
0 Jo
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The first term on the right hand side vanishes due to the boundary condition for Gp
and thus:

t N
B, t) = — /0 /0 Fn! 40w G (n, el ¢')dn'dt’. (2.82)

To solve the dynamical equation for g, we have to compute the derivative of the Green’s

function with respect to n’:

O Gp(n,tin',t") Zk sin(kyn) cos(kpn') exp [— kg(t —t"]. (2.83)
p 1

Let us illustrate how to use Eq.(2.82) to calculate statistical properties of the conforma-

tion. The end-to-end vector is particularly easy to express via bonds in the form:

N
Ree(t):/o b(n,t)dn

_ 2 —1)P — Nn'cos n' tex —k2(t—t n' t)dt
=l ( 1]/0 dn’ cos(k, )/0 p [—h2(t — )] Fln £)dt (2.84)

p=1
and this leads to the end-to-end vector autocorrelation:
, n',m'=N
(Ree(t).Ree(to)) N2 Z (—1)P — 1]/ dn'dm/’ cos(kpn') cos(kym')
n

p,p'=1

—

=t !l =to .
/ / T exp [R2(E— )] exp [<k3 (b0 — )] (Fln', ¢ - Fom £))dt'at].
t/

Hence if we suppose 0 < ty < t we can first perform the integration over ¢’ and then

over t):
<Ree(t) Ree tO N2 Z 1)p' - 1]
pp'=1
N f=to 2 / 2 / /
X 6552,7;,,/ - exp [—k‘p(t —t1)] exp [—k‘p/(to —t))] dt].
1=

Performing the sum over p’ leads to:

t/1:t0
(Ree(t).Ree(to)) Z 6— exp kf,(t + to)] / exp [2k2 ] dt]
p=odd =0

24N
~ — exp [—kg(t — to)]
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which exactly reproduces the result of Eq.(2.67). Finally, let us stress that all discussions
and results of this section are restricted to chains of fixed length N. In the next section,
we continue our discussion with a description of the dynamics of chemical reactions,

which change the chain length.

2.4 Polymerization reactions

2.4.1 Markov model of chemical reactions

We start from the Markovian description of chemical reactions. Let us consider a well-
stirred mixture of K molecular species inside a reaction chamber of a fixed volume.
These species may take part in M different kinds of chemical reactions Ri,Ra, -, Rum.
In a single reaction R, the population of the reactants Z = {Z1,Zs,---, Zx} change
according to:

Ru:Zi = Zi +vi . (2.85)

Here v;, is the ith component of the vector V,. This vector represents the change in
the population of the species due to the reaction R,. Note that each reaction appears
stochastically with the rate a,(Z) (also called ”propensity”). The probability P(Z,t)

can be determined from the Master equation:

M
P(Zat) = Z[QH(Z - VH)P(Z - Vﬂﬁt) - aM(Z)P(Z7t)]7 (286)
p=1
and the initial condition P(Z,0) = Py(Z). On the well-stirred conditions the rates a,
can be written in the form:

au(Z) = yuhu(Z) (2.87)

where v, is the rate constant of the reaction R, and h, is the number of distinct
combinations of the educts of R, per volume. For instance, in a bimolecular reaction
S1+Ss —— S3, there are Z7 - Zy combinations of the reactants S; and Sy which are all
equally probable under well-stirred conditions. From the chemical Master equation we
obtain ordinary differential equations for the average concentrations (Z)/V, called the
rate equations. Note that the rate equations are in general not a closed set of equations

to determine the (Z) with the important exception of propensities linear in Z.

From the Markovian description of chemical reactions we can find the distribution of
waiting times. By definition, p,, (7, p|Z,t) is the probability that the next chemical

reaction is an R, reaction and will occur at time ¢ + 7 L The total rate, that an

n fact, in the infinitesimal time interval [t + 7,t + 7 4 d7)
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interaction happens is I' := Z# ay. Therefore the probability that in a short time
interval d7 no interaction occurs is 1 — I'd7. Thus, if one splits the interval (¢,t + 7)
into many sub-intervals with length dr, then in the limit d7 — 0 the probability of no

reaction can be written as oc e”'7. Thus p, becomes:

Pu(T,p|Z,t) = ay(Z) exp (=I'7) . (2.88)

2.4.2 Chain growth reactions

Let us now consider the special case of reversible chain-growth polymerization reactions
for which monomers can bind or unbind (one by one) to an active end of the chain
which we will choose as the tip further on. We will assume here that the other end of
the polymer is blocked, i.e. it can neither bind nor loose monomers. We restrict our
discussions to this simple case, although many of our results can also be generalised to

two active ends.
To describe the dynamics of such a process, we first have to specify the reacting species
in the system. A living polymerization requires just two different species:

1. M.: Monomers, which make up the chain.

2. My: Free Monomers which are not attached to the polymer.

As mentioned in the previous section, we represent the chemical state of this system as

the number of the molecules of these species:

Ze
Zy

Z .= . (2.89)

For a reversible chain-growth polymerization, there are two kinds of chemical reactions

in the system:

1. Polymerization:
M —2 M. (2.90)

Note that this chemical notation is incomplete because it leaves out the polymer.
The rate 7, depends on the functionality of the chain bound species. For our
purposes, we assume that the M. are bi-functional, but that the base (n = 0)
monomer (resulting from the starting process of polymerization) is capped and

inactive. Thus the chain changes its length only at the tip.
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Therefore, according to Eq.(2.87):

hy = oy, (2.91)

where py = Z¢/V is the concentration of free monomers in the system. Note that
here we assumed that there is only one chain (and consequently one reactive tip)

in the system. In this case we define the stochastic chain length as:

N = Z,. (2.92)

As will be seen, in building our model for polymerizing chains the fixed length N
of a Rouse chain introduced in Section 2.1 is substituted by this stochastic length

N. The propensity of such a reaction, according to Eq.(2.87) is thus:

ap = Yppy- (2.93)

As the polymer changes its conformation in space, the tip will move around and
may leave the well-stirred compartment V', entering other compartments with dif-
ferent free monomer concentrations. This is a possible coupling between confor-
mational and chemical dynamics, which is absent if the whole volume, visited by

the polymer always remains well-stirred.

In each reaction, the numbers of free and bound monomers change by 1, so

+1
V= (2.94)
-1
2. Depolymerization:
M. —%5 Mg (2.95)

Here we have used the index d for the depolymerization process. This is assumed

to be a mono-molecular and for such a reaction the propensity reads:

ad = Vd (2.96)
The jump vector of this reaction reads:

-1
+1

V= . (2.97)

We consider the relative fluctuations in the number of free monomers due to the poly-
merization/depolymerization processes as negligible, i.e. we always replace p; by (py),

if the system is in contact with a reservoir of free monomers. This seems to be a realistic
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assumption, especially in cases where only a small number of initiated polymers (like
here) are introduced. Such a situation happens for instance in a typical polymerization
of actin filaments, where the number of G-actins in a 10 — 50 micromolar environment
is about 10'7 particles per litre, while the fluctuations due to the reversible polymer-
ization is about 10 monomers per second. In many situations, the concentration of
free monomers is controlled by some external mechanism, which either keeps it fixed or

imposes an explicit time dependence py(t).

Given the time-dependent deterministic concentration p¢(t), the evolution of the popu-

lation of the chain length can be determined by the Master equation:
P(N,t) = ap(t)P(N —1,t) + agP(N + 1,t) — (ap(t) + aq) P(N, t). (2.98)

The first moment of N can be obtained by multiplying both sides of the Master equation
(2.98) by N and sum over N:

ﬂ Z NP(N —1,t) + aq i NP(N +1,t) — (ay(t) + aq) i NP(N,t).

N=1 N=1

which results in the rate equation for the chain length:

d(N)
T = ap — aq. (299)
This equation can simply be solved as ( ft ap(t') — ag)dt’.

To estimate the relative fluctuations in the polymer length we need to calculate the

second moment of N by multiplying both sides of Eq.(2.98) by N2:

d<£2> — ap(t) i NZP(N— 1,t) +aq i NQP(N—f— 1,t) — (ap(t) + ag) i NZP(N,t).
N=1 N=1 N=1

Reindexing the summation appropriately yields:
. . t
() = (02 = [ faplt) + adt.
to

The relative fluctuations can thus be estimated as:

(V) = (N)? _ Jlay(t) + agdt
(N)2 (flap(t) — agldt)”

In this equation if we neglect aq compared to a, —which is justified when a large con-

centration of free monomers is provided— we can approximate the relative fluctuations
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(-2
(N)? (t — to) vy (t)

where py(t) is introduced as the time average of the concentration of the free monomers

(2.100)

during ¢y and ¢. For a power-law propensity a,(t) ~ t*~! we have

Therefore for a@ > 0, this relative fluctuations decreases in time and thus in the

asymptotically long time the chemical noise can be neglected (see Section 2.5.4).

To simulate the reactions we will use the waiting time probability py, (7, u|t), where
w € {p,d}. Note that to keep the notation simple we dropped the dependence of the
waiting time on Z;. In the following, we will derive the waiting time distribution for
the case, where the propensities are explicitly time dependent. To calculate the waiting
time distribution we first partition the time interval [t,¢ + 7) into small time intervals
with length At. According to the definition of propensity, the probability that neither a
polymerization nor depolymerization reaction happens between the small interval [¢;, ¢;+
At) is 1—(ap(t)+aq)At. The probability that no reaction takes place within the interval
[t,t + 7) is thus the joint probability of such events:

p= H[l — (ap(t;) + aq(t;))At] ~ H e~ lap(ti)taa(ta)]At _ =3 5 lap(ti)+aa(ts)]At

i A

and thus for the limit At — 0 we have p = e~ FTT lap(#)+aaldt’ e waiting time

probability is the joint probability of no reaction during [t,¢ + 7) and reacting during
[t +7,t+ 7+ d7). Therefore:

t+7

Do (T, plt) = ay(t 4 7)e” i Tl Faaldt (2.101)

Now we are ready to establish our model of dynamical behaviour of a growing polymer
chain by combining the two aspects of the dynamics: 1) the conformational dynamics
of the polymer, which we described by the Rouse model (see Section 2.1 ) and 2) the
dynamics of the chain length N, which is described by the stochastic model introduced

in this section.
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2.5 Model of conformational dynamics of a living Rouse

chain

2.5.1 Couplings between chemical and conformational dynamics

To introduce our model for growing chains (both in discrete and continuum versions) let
us first discuss possible couplings between conformational and chemical dynamics. In

particular, we distinguish between:

e Dependence of polymer conformation on chemical reaction: In Section
2.1, we discussed the dependence of the conformational dynamics of the polymer
on its length. This length-dependence is an obvious and unavoidable coupling
between chemical reactions and conformational dynamics and is the main topic
of this thesis. In the literature the chemical processes and the conformational
dynamics are both well-studied, but usually kept separate. This may be justified if
the time-scales of the two processes differ vastly. But in many important situations
this is not the case. For instance, in a typical polymerization of polystyrene where
the relaxation time of the chain containing ~ 10* monomers varies in a range
between (1 — 10) x 1072 seconds[38], new monomers are added to the chain with
a rate of ~ 10* monomers per second[17-19]. As another example, actin filaments
in living cells which relax on a time scale of about 10 seconds, grow with a rate of
50 — 500 monomers per second. In cellular environments, monomers or regulators
of reactions are provided in limited amount and degrade or diffuse away from
the reaction volume and may lead to decreasing reaction rates[20, 22-25]. We
are interested in new phenomena, which originate from this coupling. In the
theoretical analysis the coupling is accomplished by updating the dimension of the
Rouse matrix (in the discrete model) or by introducing a time varying boundary

0 <n < N(t) in the continuum version of the Rouse model.

e Dependence of chemical reactions on polymer conformation: A possible
coupling between the polymer length N and the conformational dynamics of the
chain has been mentioned in Section 2.4: In a chain-growth polymerization, the
active center is considered to be at the tip of the polymer namely ﬁtip(t). If the
polymerization is taking place in an inhomogeneous concentration field p¢(r,t),

the propensity a, depends upon the dynamics of the tip position.

Note that the latter coupling always appears in combination with the former type of
coupling, and the combination of both will lead to significantly more complex situations

and require a much more involved theoretical analysis. Therefore, as a first step, this



29

thesis concentrates on the first coupling, which is universally present. This requires the

free monomer concentration to be homogeneous and externally controlled.

2.5.2 Living Rouse chain: discrete model

Let us number the times of reactions as t;,7 = 1,2,---. For times in between two
reactions, t; < t < t;41 the discrete chain evolves as a Rouse chain of length N; =
N (t;r), where t;r refers to the time immediately after the i-th reaction. This part of
the process is Markovian and is completely characterized by the transition probability,
Prouse(RN;, t|RnN,, t;) which we will calculate explicitly. The dynamics of the chain
length N (t) is a simple point process with jumps +1 appearing at the reaction times
t;. Polymerization reactions are described as compound point processes, which not
only change N = N+ 1, but also change the position of the reacting tip. They are
characterized by the rates a,(t) and aq(t) of their occurrence and by the probability
distributions of the changes of the tip position P,.

For a polymerization reaction, within the infinitesimal interval [t;,¢;), a new bead at
position Rpew is added to the tip of the polymer. We consider this process to happen so
fast, compared to the dynamics of the whole chain, that the adiabatic approximation is
valid. Therefore a new bond gnew = ﬁnew — ﬁtip with the equilibrium statistics will be
added to the tip of the chain placed at ﬁtip. The Gaussian probability P, (ﬁnew — étip)

of this bond can be characterized by its first and second moments:

<gnew> =0 (2'102)
=1 (2.103)

where the average is over P,. Alternatively we can add the new bond with length
bpew = 0. Then it will equilibrate on the microscopic timescale 7 given in Eq.(2.45) and

for timescales longer than 71 the tip will perform random steps of equilibrium length b.

For a depolymerization reaction, within the interval [¢;, t:r) an existing bond at the tip

of the polymer dissociates from the chain.
The coupling between conformational changes and chemical reactions can thus be given

by the probability densities PH(RNI. (tj)\RNi_l(ti)) with:

By (ﬁNz (t:_) - éNi—l(ti)) §Ni-1 <R§\h (t:_) - RNi—l(ti)) p=+1
S8 (R (t)) — By, (1) p=-l

), = (2.104)
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where we introduced R’ as the conformation of the chain, except the tip point. These
probability densities will be used in Section 3.1 where we present our algorithm to

simulate the discrete model.

A realisation of the complete process is made up of a ”chemical path” and a ”conforma-
tional path”. Important quantities specifying the chemical path are given in Table 2.1

and the complete process is visualized in Figure 2.2.

Path Specification | Description

M (t) path length: the total number of chemical reactions until time ¢
{7i}iz0-0—1 waiting times: the time between two chemical reactions
{ti}izo--m1 reaction times: the moments at which chemical reactions take place
{pi im0 M—1 reactions: the type of chemical reaction.

w; = +1 : polymerization, u; = —1 : depolymerization
N(t) length of the polymer at t: Zf\ial i

TABLE 2.1: Important quantities corresponding to a chemical path.

In Section 3.1 we present our algorithm to simulate the discrete model.

2.5.3 Living Rouse chain: continuous model

To address the problem of growing chains analytically, we use the continuous version
of the Rouse model. In the discrete version due to the addition of new monomers
during the polymerization process, the number of coupled stochastic equations for beads
is constantly growing and therefore the standard approach presented in Section2.2 is
no longer applicable. For our analytical purposes, we take advantage of the model in

continuum limit.

To set up the corresponding model for growing chains in the continuum limit, we have to
couple the conformational dynamics, given in Eq.(2.29) to the chemical dynamics, which
enters at the reacting boundary E(N(t),t). In particular this means that the domain
0 < n < N(t) is changing with time, which turns the fixed-length Rouse dynamics into

a moving boundary value problem.
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FIGURE 2.2: One realization of a chemical path with >, u; = N(t) and the
conformational evolution of a Rouse chain, under such a path: During (¢;,¢;11], the
chain evolves according to the Rouse dynamcis. In the infinitesimal time interval
[tiv1, tij_l), a new segment (is shown in grey) is added to the tip of the chain. Again
from tiu to t;12 the chain evolves as a Rouse chain. In the infinitesimal time interval
[tita, tit_Q), an existing segment dissociates from the tip of the polymer. These steps

continue until a trajectory of the chain with a final length N (¢) is completed.

Moving boundary problems are very widespread in various processes: solidification of
metals and alloys[39], melting of polymers[40] and heat conduction in a block of ice
during freezing/melting[41] are only a few examples, where moving boundary problems
are arising. Despite the practical importance of moving boundary problems, only a few
special cases have ever been solved exactly[42]. The majority of them can merely be
treated numerically. As an additional complication, in our case the movement of the

boundary may be stochastic.

Let us now consider the boundary conditions appropriate for a continuously growing
chain. we have to include the newly added bonds described in the discrete version.
There we have introduced two variants of the growth step, which can be transferred to
the continuum limit. On the one hand growth steps with equilibrium length lead to a

random walk of the tip, which could be modeled as a Langevin equation of the form
On Ry = JZ

and this could be taken as a boundary condition, leading to fluctuating tensions at the
tip. On the other hand, inserting new monomers with by, = 0 leads to a homogeneous
von Neumann boundary condition. Here we chose the second option. In fact, it turns out

that the tip still performs a random walk because an added length element d/V, inserted
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at the position of the tip, equilibrates on microscopic time scales, thereby leading to a

random step of length b (Kuhn length) in space.

Another simplification that we may apply during this thesis is to neglect the chemical
noise and consider that the chain length evolves deterministically in time. As mentioned
in Section 2.4, there are situations where the relative fluctuations of the chain length
due to the stochastic chemical reactions can be neglected. Thus, in the course of this

thesis, we replace the stochastic length N by the deterministic value N = (N (t)).

We further assume that the polymerization is irreversible. In other words, we consider
the case, that once a monomer binds to the tip, it stays there and no depolymerization

reaction occurs.

In summary, our simplified model of a continuous and growing Rouse chain is defined

by the evolution equation:

— —

O R(n,t) = 82R(n,t) + f(n,1) (2.105)

on the time-dependent domain
0 <n<N(t) (2.106)

where N(t) is a monotonically increasing function of time. The partial stochastic differ-
ential equation given in Eq.(2.105) has to be supplemented by some boundary conditions.

For instance, for a free chain:

IR0 =0 (2.107)
OnRlpen(r) = 0. (2.108)

Alternatively, we may study the dynamics of bond variables (or tension) by setting up

the evolution equation as:

—

Ab(n,t) = 92b(n,t) + 8, f(n,t) (2.109)

For the bond dynamics the boundary conditions corresponding to Eqgs.(2.107) and (2.108)

are

—

b(0,t) =0 (2.110)
b(N(t),t) =0 (2.111)
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2.5.4 Non-stationary growth

Throughout this thesis, we restrict our discussions to pure power-law for the propensity
function, i.e. a,(t) ~ t*~! with @ > 1. As mentioned in Section 2.4.2, in this case the
relative fluctuations of the chain length decrease in time and therefore the chain length

growth deterministically without bond as the power-law:

N(t) = ~t°. (2.112)

Diffusion of microscopic particles in crowded intracellular environments is often observed
to be sub-diffusive[43] and sometimes super-diffusive[44]. One can thus imagine such
anomalous transport mechanism for monomers and activators involving in polymeriza-
tion processes. In these situations, the concentration of free monomers are typically
decreasing as a function bounded by power-laws. Figure 2.3 demonstrates schematically
a situation, when monomers or other rate limiting species — for instance initiators — are
transported by one dimensional diffusion along fibres and therefore the concentration
of initiated monomers (which are capable of binding to the polymer) scales like t~1/2.
Thus the chain length scales as N ~ t1/2. On the other hand, if there is an abundance

of monomers, the polymer may grow with constant velocity, i.e. N ~ t[45, 46].

[} initiator
G-Actin Membrane

F-Actin

| & m

Transporting fibers

L 1-D diffusion of
L] DDDD DDD ) initiator along fibers
[ L o
%0
Q‘ "’\ R NN A
% 0 * REH
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O, &
(R
%, *

FIGURE 2.3: The growth law N (t) = 4t°5. In cellular environments, this situation
can be imagined when the rate limiting species are diffusing in one dimension along
fibers, and therefore their concentration scales as p ~ ¢ =95,

In Eq.(2.112) the constant v adds a new timescale to the problem, but we can get rid

of it by an appropriate rescaling. Let us rescale the chemical space n, time ¢ and the
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dynamical variable R by the following factors:

1

n = y2-1n, (2.113)
fi=ymait, (2.114)
R:=~@2R (2.115)

If we substitute 7 and ¢ in the dynamical equation for the conformation of the polymer
in Eq.(2.105), we end up:

0;R = 2R + f (1, 1) (2.116)
where:
(F(, D) = (2.117)
(fa, 1) fa(7, 1)) = 204,0(7 — )5 (E — T') (2.118)
and:
0<n<t” (2.119)

which shows that the dimensionless parameter v is completely scaled out from the prob-

lem.

2.6 Roadmap

Now that the model for the conformational dynamics of the living polymer is set up,
in the rest of this thesis we will consider various experimentally relevant scenarios and
study the impact of the non-stationary growth on the conformational dynamics of living

Rouse chains.

Chapter 3 is a collection of numerical and analytical tools we need to study the growing
Rouse chain. We will argue, that explicit time integration schemes are not applicable
in the simulation of growing polymers with decreasing polymerization rates. We will
present our event-driven algorithm which turns out to be much more efficient. This
algorithm is based on exactly solvability of the Rouse model between two polymerization
events. Parallel to the numerical approach, we will introduce various analytical methods
to solve the evolution equation of the growing chain, which —as discussed in Section 2.5.3—

is classified as a moving boundary problem.
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Chapter 4 is devoted to the dynamics of a free growing chain. The analytical approach
allows us to distinguish different non-stationary growth regimes with qualitatively dif-
ferent conformational behaviour of the polymer. The analytical results will be then

compared to the computer simulation.

Throughout Chapter 5 we will study a growing chain dragged from one end via a fixed
force. In particular, we will demonstrate both analytically and numerically, that the
distribution of the tension along the chain exhibits transition by passing from one poly-
merization regime to another. We will argue that this dynamical transition is a conse-
quence of the racing duel between two dynamics: the polymerization reaction and the

conformational change of the polymer.

Finally in Chapter 6, we analyse the dynamics of a growing Rouse chain under a steady
shear flow. Various rheological observables will be worked out analytically. Interestingly,
it will be shown that the response of the growing chain to the steady shear flow is time
dependent. The results obtained from the computer simulation reveals the existence of

rheological transition by going from the slow to the fast polymerisation regime.



Chapter 3

Methods

In this chapter we introduce inportant methods, which we have used to analyse the model
of conformational dynamics of a living Rouse chain. We will first explain our simula-
tion algorithm for living chains in detail and afterwards briefly sketch the collection of

analytical methods used in the following.

3.1 Simulation algorithm

In the previous chapter we have introduced our model, which describes the evolution of
a polymer undergoing (ir)reversible polymerization. Based on this model, in this section
we introduce an algorithm that simulates the conformation and the chemical reactions
of such a polymerizing chain in time. As we mentioned above, the way that we described
the chemical evolution of the chain is well suited for a numerical analysis using Monte

Carlo techniques.

To generate a chemical path, one has to draw random waiting times 7; and random chem-
ical reaction after this waiting time y; from the waiting time distribution py, (7, pilti—1)-
After constructing such a path, we need to generate conformations according to prob-
abilities Proyse and P, in order to generate a full trajectory of a polymerizing chain.

Here is a scetch of the algorithm that generates such trajectories:

36
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Algorithm I

s.1 Preparatory steps: Choose an initial conformation, simulation termination

criterion, etc..
s.2 Generate a random pair (7;, p;+1) from the waiting time distribution p,, (7, p|t;).

s.3 Compute the next reaction time: ;11 = t; + 7.

s.4 Generate a conformation RNi (ti+1) just before the chemical reaction p;t1,

given the conformation Ry, ().
s.5 Compute observables, e.g. the end-to-end distance, the center of mass, etc..

s.6 Generate the conformation ﬁNi +1(t;:_l) just after chemical reaction g4 1.

The Algorithm I generates trajectories of a polymerizing chain on the time intervals

(i, ti+1) where the length of the chain is fixed, and on the reaction intervals [t; 41, t;5r1)7

which we assumed to be so small that the reaction p;11 happens instantaneously at ¢;41.

3.1.1 Description of Algorithm I

Here we describe Algorithm I in more details:

e s.1 Preparatory steps:

Random number generator: We assume that we already have a routine that
generates random numbers from standard normal distribution N(0,1), i.e.

with a vanishing mean and unit standard deviation

Initial conditions: The initial chain length Ny and initial conformation RNO
have to be specified. We started all simulation from a double with 2 beads and

the bond vector chosen from the equilibrium distribution given in Eq.(2.2).

Termination condition: One has to specify the maximum number of chemical
steps M. The simulation is terminated as soon as M chemical reactions have
been performed. In deterministic irreversible chemical reactions, M is equal
the maximum chain length N,,.,. We terminated the simulations as soon as
the chain length reached N, = 10000 beads.

Maximum number of trajectories: To compute observables a large number
of trajectories (we chose 1000 trajectories) have to be simulated and the

arithmetic mean is computed.
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e s.2 By the so called conditioning procedure[47] we split the joint probability of
(1, 1) as pw (T, plt) = p1(7|t) - p2(u|7,t), where p; is the probability, that being
at time ¢, the next chemical reaction (no matter what kind of reaction), happens

within [t + 7, + 7 4+ d7). We can obtain this probability as:
Pr(TIt) = pulr, it = +1]t) + pu(r, = —1[t) = a(t + r)e 9 (37)

where we defined: a(t) := ap(t) + aq(t). The probability of the next chemical
reaction pu, given the waiting time for this reaction 7 reads:
_ pw(T,,U’t) _ all«

p2(plT,t) = meln  a (3.2)

Now, one can draw (7, i;11) at t; by first drawing a waiting time from p;(7|¢;)
and then drawing the type of the next chemical reaction u; from distribution

p2 (|7, ts).

e s.4 The seemingly simplest way to simulate the polymer chain within the non-
reacting intervals (¢;,t;41) is to use the Euler-Maruyama method[48]. Assuming
that ¢,t + 0 € (t;,ti+1), for a sufficiently small § one can convert the Langevin
differential equation in Eq.(2.28) to a difference equation with a controlled error

[49]. For a free chain we can write:

—

Ry, (t+06) = —6An Ry, (t) + V20 £(t) (3.3)

with A as given in Eq.(2.13).

By iterating the Euler scheme in Eq.(3.3) 7;/6 times, one can obtain the confor-

mation of the chain at t;11, given the conformation at ¢;.

e s.6 Now that the conformation of the chain RNi (ti+1) just before the reaction
Wit1, is given, the conformation of the chain just after the reaction ﬁNi +1(t1—:F+1)
can be obtained using the transition probability P, given in Eq.(2.104). The

implementation of this transition is as follows:

— Polymerization: if p;11 = +1, draw l;new from the Gaussian probability dis-
tribution Py (bnew) characterized by its first and second moments given in Egs.
(2.102) and (2.103) respectively. Introduce a new position at RNi+1(t;—1) —
Ry, (tis1) + bew-

— Depolymerization: if p; 11 = —1, the existing bead at the tip is destroyed.
In our algorithm, we accomplish this task only by updating the chain length
Niy1 < N; — 1.
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3.1.2 Problem with Euler schemes

For the deterministic power-law growth given in Eq.(2.112), the waiting time between

two reactions can be calculated as:

T = 1 g (3.4)

N(ti)
Recall from s.4 that in the Euler scheme 7; /¢ steps are needed in order to simulate the
evolution of the chain within (¢;,t; + 7;). Therefore, according to Eq.(3.4) the number
of simulation steps scales as t'=®. Therefore, for a < 1 the waiting time grows without
bound. This is an obvious computational problem, because for fixed § the number of

Euler steps required to simulate the chain between two reaction events increases without

bound, as time passes by. The Euler scheme is therefore not applicable in this case.

In the next section, we present an alternative algorithm to the conventional Euler
method, which does not encounter this problem. In fact, in our algorithm, the number
of simulation steps scales like the chemical length M (or equivalently with the chain
length N for deterministic irreversible growths), in contrast to the Euler method, where

the number of simulation steps scales as ), 7;.

3.1.3 More efficient algorithm for non-stationary growth

In this section, we introduce an alternative algorithm to the conventional Euler method,

in order to simulate the chain between two reaction events (¢;,t;1+1).

In our algorithm we will exploit the exact solvability of the Rouse model in order to

compute the chain conformation at t; 11, given the conformation of the chain at tf.

Let us suppose that the conformation of the chain R'Ni (tj) is given. According to
Eq.(2.28), the Gaussian noise f(t) is the only source of randomness for R(t). In fact,
Eq.(2.28) is just a system of linear Langevin equations, which can be solved by expanding
R,s into the eigenstates of the Rouse matrix. The corresponding modes )Zp(t) thus
define N + 1 uncoupled Gaussian processes, which are completely characterized by their
first and second moments, namely (Xp(t)) and (X, ()X, 3) which can be calculated

analytically. In the following, we present our algorithm to simulate s.4.
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Algorithm II: s.4

s.4.1 Convert positions RNi into modes X N, using Fast Fourier transformation[50].

s.4.2 Compute the moments ()zp(ti+1)) and (Xp o (tir1)Xp g(tiv1)) with o, 8 the

Cartesian components and p = 0--- N;.

s.4.3 Draw a random mode X N, (ti+1) from the Gaussian probability distribution

characterized by the moments computed in the previous step.

s.4.4 Convert modes X N, (tit1) into positions RNZ. (ti+1) using the inverse of the

transformation utilized in s.4.1.

As we see, using the procedure above the number of simulation steps now scales as
the number of the chemical events. No matter how large the time intervals between
successive events, we only need the 4 steps s.4.1-s.4.4 to obtain the conformation of the
chain at the end of a non-reacting interval (¢;,¢;11). For a free chain, here is the detailed

description of these steps:

e s.4.1: The components of the mode X can be expressed as the inverse transfor-
mations utilized in Eqs.(2.37), and (2.38):

N
Xp(ti) = dnpRn(ts) (3.5)
n;ﬂ )
ﬁp(ti) = Z ¢n,pfn(ti) (36)
n=0

where the elements of the matrix ¢, are given in Eq.(2.35). To implement the

Fast Fourier transformation the package FFTW [51].

e 5.4.2: Given the Gaussian modes Xy, (tf) and using Eqs.(2.42) and (2.43) the
first and second moments of the modes at ¢;11 can be calculated exactly. We can

write:

(Xo(ti+1)) = Xo(t:) (3.7)
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and for p > 0

(Xp(tisr)) = Xp(t])e ™ (3.9)

1
(Xpaltis)) X2 gti1)) = Xpaltf)dage 07000 + — (1—e720() . (3.10)
P

with ¢, as given in Eq.(2.36). Note that the different Cartesian components of the

modes are not correlated.

e s5.4.3: If we consider the Gaussian pseudo random number z drawn from N(0, 1),

Xp(ti41) = (Xp(tisn)) + 24/ (X2(ti41)) — (Xp(ti11))2, (3.11)

has a Gaussian distribution with the moments calculated in Egs.(3.7) - (3.10).

e s.4.4: The drawn modes are now transformed back to the configurations I%Ni (tit1),
using the Inverse Fast Fourier Transformation of step s.4.1. This is also available
in package FFTW.

For a free chain, the Cartesian components are not correlated. The method can be
generalized to chains in linear flows, like homogeneous shear flow, which induces corre-
lations between different cartesian components, but still allow for an exact solution of

the Langevin equations.

This procedure can be implemented to simulate flexible chains undergoing any kind
of chemical reactions. The only overhead of this algorithm is the book-keeping of ob-
servables on a fixed time grid, because in calculation of averages, one has to collect
observables computed at a specific time for all samples in order to calculate the arith-
metic mean. The conformations, however, are computed at the stochastic reaction times.
If we neglect the chemical noise and treat the evolution of N as a deterministic function
of time the interaction times ¢; are no longer stochastic and therefore this problem does
not arise. In this case we can control simultaneously the computation time of the simu-
lation and the number of polymerization events by specifying the maximal chain length
Nnaz-

3.2 Collection of analytical tools

The conformational dynamics of a continuous living Rouse chain has been formulated as
a moving boundary value problem in Egs.(2.105)-(2.108). We have already mentioned
that problems of this type are hard to analyse. Except for special cases described in

Sections 4.3 and 4.4, we did not succeed to find exact solutions. To make progress,
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we have used a bunch of combinations of transformations and perturbation methods,
which are best explained in detail, when they are applied. Here, we just sketch some
of the methods, which are used in several variants throughout many of the subsequent

arguments.

3.2.1 Green’s function for moving boundary problems

Formally, the solution to Eq.(2.105) can be expressed in terms of Green’s function

G(n,t|n',t")! for a free living chain[37]:

—

N(to) } ¢ N )
Rn,t) = / dn'G(n, tn’, to) B(n', to) + / ar / An'G(n, !, ) F(n', 1) (3.12)
0 0 0

where the Green’s function satisfies:
G (n, tln' ¥ — 2G(n,tin/,t') = 6(n — n')d(t —t') (3.13)

along with the boundary conditions of the problem. For instance, if the partial differen-
tial equation is supplemented by homogeneous boundary condition of the second kind
as given in Egs.(2.107) and (2.108), then:

OnG(n,tIn' ;)| p=o =0 (3.14)
G (N, t|n' )=y =0 (3.15)

3.2.2 Landau transformation

One way to analyze the moving boundary value problem stated above is to immobilize
the boundary. To this end, we perform a standard boundary fixing transformation, also

known as Landau transformation[41]:

o= N@ (3.16)

Obviously, the range of the ¢ is now fixed to:

0<o<1. (3.17)

'In this thesis, we use G for the Green’s function of the dynamical equation for a growing chain. The
conventional letter G is used for the Green’s function of the Langevin equation for a fixed length chain.
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Therefore, substituting n by o, maps the moving boundary problem in Egs.(2.105) -

(2.106) to a fixed boundary value problem. Derivatives transform as follows:

X

Otln = Otlo + 01085 = O4lo — 17005 (3.18)
1

Onlt = Onlo0s = 82 = Wag (3.19)

where 0,|, indicates that the function on which the derivative operator acts is defined

on space (x,y). Consequently Eq.(2.105) transforms to:

1
N2(t)

(o, )

OtR(a, t) = \/N

2R(o,t) + %U&,R(a, t) + (3.20)

Obviously the immobilization of the boundaries is at the expense of complicating the
evolution equation. In addition to the diffusion term 83]?6(0, t) and the random driving
force 77(o, t), the Langevin equation now contains a drift term O, R. This drift arises, due
to the time dependence of the Landau transformation. Another important consequence
of this time-dependent transformation is the time- and space-dependent coefficients of
diffusion and random terms. To eliminate the time-dependent diffusion coefficient, we

introduce a new time variable by:

¢
1
- dt’, 3.21
/to N2(t) 21
which leads to:
0-R = 02R + (NN)o0, R + VNij(o, 7). (3.22)

with random forces 7j(o, 7) characterized by:

(i =0 (3.23)
(Nalo, T)ng(0,n)) = 200,50(T — 7')d(0 — o) (3.24)

The boundary condition have to be transformed, too. For instance, von Neumann

boundary conditions are transformed as:

OnR(n,t)[n=0 = go(t) =  0sRl|o—o = go(t)N(t) (3.25)
8nﬁ(na t)’n:N(t) =q1(t) = aaﬁ’azl = g1(t)N(t) (3.26)

Despite the difficulties caused by the time-dependent Landau transformation, the big ad-
vantage of this transformation is that we can utilize a bunch of methods and techniques

developed for problems with fixed-boundaries to solve this stochastic drift-diffusion
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equation®. For instance, we may use perturbation methods to determine the leading

behavior of the system in different time regimes. Or we may try to find the Green’s func-
tion of the convection-diffusion operator G(o,t|o’,t') or G(o,7|o’,7') using well-known
approximate methods (for special cases it can even be found exactly). To construct
Green’s functions, one may use mode erpansions or other methods, which are particu-

larly developed for fixed-boundary problems.

It is also possible to take advantage of numerical methods developed for Stochastic
Partial Differential Equations to find the solution of this equation numerically. Such
numerical methods as for example finite element methods and finite difference method
are based on discretization of time and space and consequently conversion of the partial
differential equation to a set of ordinary differential equations[53]. Reference [54] con-
tains an extensive list of such methods. These numerical schemes, however, have a low
order of convergence[55]. This difficulty, in terms of computational effort becomes even

more severe, if the coefficients are variable, which is the case in Eqs.(3.20) and (3.22)[56].

3.2.3 Perturbation methods

A standard approach of theoretical analysis is a regular or singular perturbation expan-
sion, which starts from identifying the controlling factors, (i.e. those terms which give

rise to the leading order of the solution) by the method of dominant balance[57].

In this method, the terms of the dynamical equation are compared and the dominant
terms in different regimes of parameters are identified. Then a perturbation expansion is
set up, which starts from these terms as zeroth order. For the purpose of our discussions
let us denote the partial stochastic equation (3.20) including the boundary conditions
in an operator notation as in a very general form as:

LR = ®(0,1), (3.27)

)

which can be split into two operators as:
Loty =Egp + €Foy. (3.28)

For a regular perturbation problem we assume that the equation:

—

E,4R = f(o,1) (3.29)

)

is exactly solvable for a sufficiently large set of non-homogeneities f Additionally,

suppose that this splitting is chosen, such that eF,:g(o,t) —in some problem-specific

In some textbooks convection-diffusion equation[52]
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sense — is much smaller than &, ,g(o,t) for a sufficiently large set of functions g(o, ).

Let us suppose that ﬁo(a, t) satisfies:
Es1Ro(0,t) = ®(o, 1). (3.30)

Our hope is that Ry is the leading order of the full solution R. To test whether this

splitting works, we decompose the full solution as:
R=Ro+ Ry +o(R). (3.31)

If Efo is the leading order, then Ry must be (in the problem-specific sense) much smaller
than Ry. To find Ry, we plug Eq.(3.31) into the main equation and take advantage of
the linearity of the operator L ;:

gg’téo + gg'7té1 + f]:a,tél + EIJ,tR‘O =& (3.32)
This equation can now be simplified as:
EpB1 = —eFy i Ro, (3.33)

where we neglect efg,tﬁl compared to Eg,tﬁl. If this is correct Fél = o(ﬁo), then we
can conclude that the splitting is consistent and £ is the controlling factor determining
the leading order of the solution. Otherwise, one has to reconsider the splitting and
try to collect those terms into the operator &;; which yield a correct Ry. One can go
through the above-mentioned procedure to find Ré, ég, -+ - iteratively, and consequently

approximate the solution R up to an arbitrary precision:
é%ﬁo+é1+é2+"' (3.34)

This iterative strategy to find the correction of the leading order is called the perturbation

method.

It may fail if the zeroth order equation (3.30) does not have a solution. An important
case of this type appears, if ¢ multiplies the highest derivative of the operator £. Then
for € = 0 the boundary conditions cannot be fulfilled in general, because the order of
the unperturbed equation (e = 0) is lower than the order of the main equation. This is
a case of a singular perturbation, for which one carefully has to distinguish between the

leading order behaviour of the full solution and the solution of the unperturbed system.



Chapter 4

Dynamics of a Free Living Rouse
Chain

4.1 Regimes of non-stationary growth

Throughout this chapter we are mainly concerned with the conformational dynamics of
a free chain growing from one end with N(¢) = ~4t®. In particular we will see in the
following that there are at least three different regimes of a with qualitatively different

behaviour of the conformational dynamics of the chain.

In a sufficiently slow polymerization, one expects that, between two polymerization
events, the chain has enough time to relax and reach equilibrium state. In such situa-
tions, where the timescales of the problem are sharply separated, the utility of adiabatic
approximation is justified[58]. In the adiabatic approximation, the system is supposed
to be in a quasi-steady state. For a slowly growing polymer, this means that the confor-
mation of the polymer, as the fast process in the system, between two polymerization
events, can be substituted by its equilibrium conformation for a fixed length chain with
length N. Therefore, the time evolution of the polymer conformation can be obtained

by substituting the fixed length N by the slow growth N(¢).

Now the question is, how slow the growth process should take place, in order for the
quasi-steady state approximation to be justified. From Section 2.2, we already know that
TR, the longest relaxation time of a Rouse chain, scales as 7gr ~ N2. The waiting time
between two polymerization steps, supposing the deterministic power-law growth given
in Eq.(2.112) scales as 7, ~ 7%, We require that the chain whole chain relaxes between

two successive polymerization events. Therefore the relaxation time of the chain should

46
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be much smaller than the waiting time between two successive chemical reactions:

1
N?(t) =o(t'™ ) = a < 3 (4.1)
Therefore, for a < 1/3 the chain conformation evolves in a quasi steady state fashion.
In this polymerization regime, the dynamics of growing polymers is settled: Calculate
the properties of a fixed length chain in equilibrium and replace N(¢) by N in the
corresponding formulas. Beyond a = %, however, the adiabatic approximation fails and

we need another approach.

We are interested in the long-time behaviour of the system. As will be shown in the
following, we will introduce a crossover time t. and try to determine the behavior of the
polymer chain for the time limit ¢ > t.. Note that the asymptotic solution we propose,
does not necessarily match to the actual behavior of the chain in the short time regime

t < t,.

Let us next apply the method of dominant balance to Eq.(3.20). On a crossover timescale

the coefficients of drift and diffusion become comparable:

= . (4.2)

In the long time regime ¢ > t., according to Eq.(4.2), if the growth N(¢) takes place
slower than t'/2, then the dominant term in Eq.(main) is the diffusion term. N () is faster
than ¢1/2, this relation is reversed and the drift term is the controlling factor. t ~ ¢1/2
specifies a special regime. Here, both diffusion and drift mechanisms are competing and

the dynamics of the polymer is controlled by both of them.

regime growth law dominant terms neglected
N(t) gaté = ﬁ(aa t) fa,té
Slow: a<1/2 atfz( t) = s 02 B0, 1) + (o, 1) 4.3) | Noo, R
Balanced: | o =1/2 =1 ( 2R+ 1 500, R) +17(o,t)  (4.4) —
Fast: a>1/2 (0, t) = NJ@ R(0,t) + (0, t) (4.5) ﬁ@f_é

TABLE 4.1: Different polymerization regimes, according to the method of dominant
balance, alongside with their corresponding asymptotic dynamical equations.

For the rest of this thesis, we refer to these polymerization regimes as slow, fast and
balanced respectively. Note that in this sense, slow is not synonymous for adiabatic.

Table 4.1 summarizes these regimes and their governing dynamical equations.
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4.2 Slow polymerization

From the method of dominant balance, we have already identified that the leading
asymptotic behaviour of the exact solution of Eq.(3.20), in the slow polymerization
regime, may be extracted from the solution of Eq.(4.3). We see that the order of this
equation is the same as the order of the original equation. Thus the asymptotic equation
given in Eq.(4.3) can satisfy the same boundary condition as the original equation.
Such a perturbation problem, where the leading operator &;; is of the same order as
the original operator L, is referred to as regular perturbation. In such perturbation
problems, one expects that the exact solution of the original problem, converges smoothly
to the solution of the unperturbed problem given in Eq.(4.3), as the perturbative term

Fo+ gets smaller and smaller.

Consider Eq.(3.22). If we rescale the position variable as:

plo,7) = R\(;]L\;—), (4.6)
this leads to:
0, plo,7) = 03+ if(o, 7). (4.7)

Note that the boundary condition must also be transformed appropriately. For the free

chain the boundary conditions are of von Neumann type and are homogeneous.

So finally the asymptotic dynamics of a growing chain has been mapped to the dynamics
of a Rouse chain of fixed length 1 defined on (o, 7). This allows us to use the results of
Section 2.2. To obtain the conformation R(n,t) of the growing chain we have to reverse

the transformations and return from o to n, from 7 to ¢t and from p to R:

R(n,t) = \/N(t) {1 +2 Z X,(t) cos (:f}g) e[k?’(T(t)T(O)]} (4.8)

where ky(t) := (pr/N)?. In contrast to the adiabatic regime, where only the p = 0
mode contributes to the dynamics of the polymer in Eq.(4.8) all modes are present.
For long times the relaxation of these modes are not exponentially, as for a fixed-length
chain, but rather stretched exponentially. Stretched exponentials are applied as models
for relaxational behavior of complex systems. For instance, they are used in describing

relaxation of polymers in the vicinity of a glass transition point [59-61].

In analogy to Eq.(2.47) we can introduce a time-dependent Rouse timescale T (t) :=

Njét), which scales like t1722.
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At this point, let us compute some of the important observables of a slowly growing free
chain. In Section 2.3 we found that the center of mass for a fixed-length chain of length
1 moves diffusively in space. Therefore, for the mean-squared displacement of the center
of mass we have:

(Doom (7)) ~ 7. (4.9)

pcom

To find out how the center of mass of a slowly growing chain evolves in time, we transform

Peom back to Reom. Using Eq.(4.6):

(Room (1) ~ 117 (4.10)
Note that the center of mass of a slowly growing chain is growing sub-diffusively, in
contrast to a fixed-length chain, which moves diffusively.

From the Section 2.3.2, we have seen that in the long time regime, other monomers in
the chain should follow the center of mass. Therefore, for the base point at n = 0 as

well as the tip point at n = N(t) we can write:
(B2(0,0)) ~ (RX(N(2), 1)) ~ t'7° (4.11)

Later we may make use of these results in Section 4.5.

Next, we calculate the autocorrelation of the end to end vector for a growing chain in
the slow polymerization regime. Considering the result obtained in Eq.(2.67) for a fixed

length chain asymptotically for large 7 we can write:
24 B
(Bee(T) - ec(m0)) = S5 ™) = A= (5), (4.12)
m

i tg\B
where we defined §:=1—-2a , 0 := (f—f) 7 and A := %e(?o) . Finally we can write:

(Reelt) - Reclto)) = 2t/ ()" (4.13)

Thus the chain relaxes stretched exponentially, in contrast to the exponential relaxation

of a fixed-length chain.

To test our asymptotic solution, we simulated such a polymerizing chain, for o = 0.39,
using our numerical algorithm presented in Section 3.1. Fig.4.1 depicts this quantity as
a function of time. For the sake of comparison, we also sketched the exponential decay

of two fixed length chains with lengths N = 5000 and N = 10000 quasi monomers.

As we see, the best fit to the simulation result is the stretched exponential with variable

coefficient, which we presented in Eq.(4.13).
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FIGURE 4.1: End to End distance correlation for a growing chain with N (t) = %39
obtained from computer simulation(green). Compared to the exponential decay of
fixed length chains (cyan and purple), the analytical result obtained from the method
of dominant balance (blue) best matches to the simulation results.

4.3 Balanced polymerization: exact solution for a = 1/2

In this section, we study the behaviour of a free growing polymer, which is growing
as N(t) = yt'/2. Here we may make use of the results of the Appendix B. Applying
the transformation in Eq.(B.2) to Eq.(3.22) will change the homogeneous von Neumann
boundary conditions into the Robin type boundary conditions as shown in Section B,
which considerably complicates its solution. Note however, that homogeneous Dirichlet
boundary conditions are untouched by the transformation. Therefore we prefer to work

with the bond vectors b instead of R. Introducing B as:

b= h(o,7)B(o,7), (4.14)
and using Eq.(B.18) we end up:
oz NN3 o -
0-B=0;B+ Y B + . (4.15)

For the power-law growth with o = 1/2 we have N = —%f% and find that the coefficient

of 02 becomes time-independent. Therefore Eq.(4.15) takes the following form:

_ _ 4 = -
0,8 = 028 — (%) 028 + (o, 7). (4.16)

To solve this equation we construct the corresponding Green’s function G(o, 7|p, 7). The

full solution can then be written as integrations over the Green’s function (see Eq.(2.60)).
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As we see, the homogeneous part of Eq.(4.16) now can be interpreted as the imaginary
time Schrédinger equation of a harmonic oscillator in a finite box with hard walls [62].

The Green’s function for this equation can be written as[63]:
(0,7]p, 7’ Z Up(0)yp(p)e =) (4.17)

where )\, and y, (o) are the eigenvalues and corresponding normalized eigenfunctions of

the following boundary value Sturm-Liouville problem:

2y(a) + [A—( % )02 y(o) = 0 (4.18)
y(0)=0
y(1)=0

The differential equation is solved by parabolic cylinder functions[64]. To solve the

boundary value problem, the zeroes of solutions have to be matched at 0 = 0 and o = 1.

Now that we have mapped the moving boundary value problem to a standard problem
of quantum mechanics, we can make use of all the well-known results from quantum

textbooks.

For example, we can find the eigenvalues A\, which are all real and different. They
are ordered as A\ < A2 < --- < Ap, with A, — 0o as n — oo. Due to the fact that
(%)402 > 0, one can conclude that A; > 0 and therefore all eigenvalues are positive.
Therefore, in the long time regime, the modes decay to zero exponentially in 7 with time

constants 7, := 1/\,. The eigenvalues can be approximated for small v by standard
perturbation theory as:
& 2?4 - (1) 4.1
p R TP+ 3\y) - (4.19)

For the higher modes, one can write[63]:

VA =mp+ 671Tp (%)4 +0 (12) (4.20)

p

yp(0) = sin(mpo) — 671rp (%)4 [0(02 —1)] cos(mpo) + O (;) (4.21)

Now if we substitute 7 = 2 In(t) into Eq.(4.17), we find that:
g

(o, t]p, ) Zyp Y-t (4.22)
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This Green’s function is in fact the sum over modes decaying as a power-law. The

Green’s function of b(n, t) reads:

2 12
[ 11]2 g
)(t . t’)—Ap/VQ M (4.23)

(v3t73/2)

2,2
Gt ) = < 2|3 (2 ) (5
n,tn, = Y —F Y
71/2 p=1 8 7ﬁ P ’Y\@

Note that the factor 1/N3(t') is due to the Jacobian of the transformation (o,7) —
(n,t).

4.4 Fast polymerization and exact solution for a =1

In the fast polymerization regime, according to the method of dominant balance we
discussed in Section 3.2.3, the drift term dominates the whole dynamics. However, the
procedure presented to find the asymptotic behavior in the slow polymerization regime

is not applicable here.

In contrast to the regular perturbation problem, in the fast polymerization regime, the
perturbation is singular. In a singular perturbation problem, the exact solution to the
original problem deviates thoroughly from the unperturbed problem. Let us take a look
at Eq.(4.5). No matter how small the perturbative term is, the order of Eq.(4.5) is 1,
while the order of Eq.(3.20) is 2. Therefore, there is no solution to the unperturbed
problem, that satisfies the conditions at both boundaries and consequently the solution
obtained from Eq.(4.5) differs in nature from the full solution of the original problem,
even for t > t., where the coefficient of the perturbative term 92 gets smaller and

smaller, compared to the drift term.

In the fast polymerization regime, nevertheless, there is one case for which the full exact
solution can be found. Such a special, yet experimentally important case happens, when
the growth takes place with a constant rate . In this case the growth-law, on average,
takes the linear form N(¢) = ~yt. In the following, we will describe the solution of this
case. This special case, as we will discuss, provides us with a better understanding of

the behavior of the polymers in the fast polymerization regime.

Consider Eq.(4.15). For the case N ~ t, we have N = 0 and therefore the equation of

motion for B reduces to the simple diffusion equation in presence of a non-homogeneity

-

P
8B =02B +1. (4.24)
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The Green’s function of the transformed problem thus corresponds to:

Glo,7|p,7") = Gp(o,7|p, ") =2 Z sin(mpo) Sin(ﬂ'pT’)e*(p”)Q(T*T/). (4.25)
p=1

We can make use of this simple transformed equation 4.24 and 4.25 to calculate observ-
able properties of the growing chain exactly. In the following we will discuss further

simplification of the Green’s function in the long time regime.
In Section 2.3.2 we have given an alternative form of G, derived by the method of images.
For Dirichlet boundary conditions, this form becomes:

o0

G(o,7lp, ")

_ (c—p+2p)? _ (o+p+2p)? ]

— 1 Z |:€ 4(r—7"y e a(r—1")
2y/m(r = 7') T

let us now take a closer look at the new time variable 7, which was defined in Eq.(3.21).

Remember that 7 was introduced, such that N2(¢)9; = 9,. Therefore:

toq 1 /1 1
= dtl = = [ — - = 4.27
Ul AN <to t)’ (4.27)

which implies that tau only runs over the finite interval:

(4.26)

1
0<7<Thes = ﬁ (428)

where the initial time ty must be larger than the crossover time t.. In particular, if

to > n2/~%, we are in the short-time regime of the transformed chain, and thus can use

the results of Section 2.3.2 for all 7, i.e, for tg <t < oco.

Note that for t — 0o, we have 7 — T4 Let us choose t5 > :—z This yields:

1
Tmaz < —5 (4.29)

In contrast to the case of a fixed length chain this approximation is now appropriate for

all times:

Zsin(wpa)sin(pr’)e_(p”)2(T_T/)z/ sin(mco)sin(ﬂxT')e_(m)2(T_T/)dx. (4.30)
p=1 0

Hence, the approximated Green’s function becomes:

G(o,7lp, ) ~ e =) —e A= | (4.31)

- 1 [ _ (o—-p)? _ (o4p)?
) w(r —1/)
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which is exactly the zero'” term in the summation of Eq.(4.26). According to Eq.(B.17)

the Green’s function for b(, 7) reads:

-1

_aN@) 2 5 5 _aN(GE) 2
(c—p) (o+p) 14
Go,rlp, ) = S L [e_4wf?>-e_4utiw} e
N(7) | 2¢/7(T—1) N(7")
(4.32)
We use the relation
_ (a:‘:p)l2 _aN 2 +’YN(T/> 2 _ ol —[N(r)o£N(r")p)?
e 407" 777 e 1 P = ¢ 4N()-N(E) . (433)
in order to simplify Eq.(4.32):
G(o,7lp, ') ~ N(r') 1 [G—W[N(T)U—N(T')PF o e—W[]\I(T)U-ﬁ-JV(T')P]2
) p7 ~ N(T) 2 7"'(7'_7-/) .
(4.34)

—

To obtain the Green’s function of the original problem, formulated in terms of b(n,t) we
have to invert the transformations (o, 7). It is important to note that the transformation

of the Green’s function also involves the Jacobian of the transformation (o, 7) — (n,t):

8n0' 3t0'
OnT OiT

1
dndt = ———dndt. (4.35)

dodr = E0)

As a result, the Green’s function takes the astonishingly simple form:

1 _ (n=n")2 (n+n')?
Gt ) = ) .

Wl (4.36)
——

This equation is the Green’s function of a freely diffusing particle in the presence of
an absorbing boundary at n = 0[65]. It satisfies the partial differential equation given
in Eq.(2.109).At the growing end n = N(t), however, the Green’s function does not
obey the boundary conditions as discussed in Section 2.3.2. There, we found that the
approximation is good in a small time regime t < N2. But for the growing chain with
N(t) = ~t this condition is fulfilled in a long time regime and the Green’s function
at n = N(t) decays as t~1/2¢=7"t. Note that the crossover time where N2(t,) ~ t. is

consistent with the crossover time obtained in Eq.(4.2).

For a # 1 we did not find an exact solution. But the approximated Green’s function

(4.36) turns out to be a good approximation for all @ > 1/2. In fact, this Green’s

function satisfies the dynamical equation for b(n,t) given in Eq.(2.109), and it also
fullfills the boundary condition at n = 0. At n = N(¢), this Green’s function decays as
+=1/2=*"" and therefore satisfies the boundary condition asymptotically. This allows

us to calculate observable properties also in the fast polymerization regime.
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Note that if we replace (4.36) by the corresponding von Neumann Green’s function it
will solve the evolution equation of B(n,t) up to a misfit at the boundary n = N(t)
which again rapidly decreases with time. Therefore we have found a simple and efficient
way to approximately calculate properties in the fast polymerization regime both for
b(n,t) and E(n,t). In the next section we will discuss dynamical properties in both the
slow and fast polymerization regimes and compare our analytical findings to simulation

results.

4.5 Dynamical transitions

4.5.1 Segmental motion

Comparing Eq.(4.36) with the short-time behavior of a fixed-length chain (see Eq.(2.69)),
we see that individual monomers in a fast polymerizing polymer, asymptotically, should
exhibit the same behavior as individual monomers in a fixed-length polymer in the short
time regime t < 7. In particular, we expect a subdiffusive motion from these monomers

with an exponent of 1/2. For instance:
(R%(0,t)) ~ t'/? (4.37)

Such a behavior is essentially distinct from that observed in the slow polymerization
regime. Referring back to Eq.(4.11), we thus expect to observe a transition in the
behavior of individual monomers by increasing the growth exponent from a < 0.5 to
a > 0.5. Figure 4.2 illustrates the mean squared displacement of growing chains with

different growth exponents in time.

For a < 1/2 the mean squared displacement of the base monomers grow as t'~%. For

o > 0.5 they all collapse to t'/2. These results are in accordance with Eqs.(4.11) (4.37).

In Figure 4.3 we investigate further the evolution of the growing chains in the slow and
fast polymerization regimes by computing the mean squared displacement of the center

of mass as well as the tip point in the computer simulations.

For a < 0.5 the mean squared distance of the center of mass as well as the tip point at
n = N(t) scales as t!=®. This behavior is already predicted in Egs.(4.10) and (4.11),
where we discussed that the polymers in the slow polymerization regime evolve in a
quasi-steady state fashion. In this regime, asymptotically, the individual monomers
move as a whole in space and therefore we expect that the base point, tip point and the

center of mass scale as t'~®. In contrast for a > 1/2 the mean squared distance of the
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FIGURE 4.2: scaling the mean squared displacement of the base point vs. time
compared to computer simulation. For the slow polymerization regime o < 1/2, the
segments at n = 0 evolve as Eq.(4.11). For a > 1/2 all curves collapse to a single
curve t0-5.
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FIGURE 4.3: The mean squared distance of the center of mass (left) and the mean
squared distance of the tip monomer at n = N(¢) (right) for different growth
exponents as a function of the dynamic chain length N(t) computed from computer
simulation (see Section 3.1). For o < 0.5 the same behavior as the base point (see
Figure 4.2) has been observed for the center of mass and the tip point. Increasing «
from 1/2, a different growth exponent is observed. In this regime, the mean squared
distance of the tip point scales as N. The same behavior has been observed for the
center of mass.
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center of mass and of the tip point scale as N. In the following, we try to explain this
unexpected behavior of the tip and center of mass. Note that the Green’s function of
Eq.(4.36) does not satisfy the boundary condition at n = N and therefore the dynamics

of the tip point cannot be inferred from the approximate solution.

In particular, we will attribute this behavior to the racing duel between two stochastic

terms namely the thermal noise f and the growth noise f,; (see Section 2.5).

To understand the dynamics of the tip point in the fast polymerization regime, let us
first mention, which forces are acting on this point. For a free chain there are three
different sources of force acting on the tip. The first two are the same as in a fixed-
length chain: the internal force due to the connectivity of the beads which we have
represented in Eq.(2.6) by Fj, and the stochastic force f as a phenomenological model

for thermal collisions between the solvent molecules and the beads.

If the polymer is growing, there should be another force, which constantly moves the tip
point to the position of the newly added monomers. We call this force the growth noise.
At the tip point, the growth noise and the thermal noise are acting locally. On the other
hand, the force exerted from any of the neighbouring beads has to travel the distance
between the perturbed bead and the tip monomer. According to the Greens function
of Eq.(4.36), a perturbation applied at one point on a polymer travels along the chain
by diffusive mechanism. In other words, it propagates towards the tip with a velocity of
Vin ~ t~1/2. On the other hand, the tip point at n = N(t) gets away from the perturbed
bead with the velocity N ~ t®~1. Hence, for a > 1 /2 the force due to the connectivity
will never arrive the tip point. In fact, in the fast polymerization regime, the tip point
receives no perturbations from the existing monomers in the chain. Consequently, in
analysing the motion of the tip point in the fast polymerization regime, the forces from
the neighbouring beads can be neglected. We thus come to the conclusion that in the fast
polymerization regime, the dynamics of the tip point is nothing other than performing
Gaussian random steps at polymerization moments. This dynamics can be represented

by a so-called Wiener process in the length variable N[48]. For such a process we have:
(R*(N(1),t)) = N(t) (4.38)

which explains our observation illustrated in Figure 4.3. This simple argument can also
be applied to any local disturbance within the chain, as depicted in Figure 4.4. Whenever
a tension is created at some bond b(n) (illustrated as event A), it spreads diffusively,
and thus will reach the growing end only for @ < 1/2. In the fast growing regime, the
propagating disturbance can not reach the growing end, because the tip moves as t* with
a > 1/2. In other words, the tip point of a fast growing chain is causally disconnected

from the existing monomers in the chain.
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FIGURE 4.4: Simple physical picture to explain the dynamical behaviour of growing
chains in different regimes. A change A in the bond vector at time ty will influence
other bonds by tension spreading, which proceeds as t!/2 for a Rouse chain. Thus for
t > to (future), it can not influence the growing end of a fast growing chain, and vice
versa. In fact, for a fast growing chain, the tip point is causally disconnected from the
existing monomers in the chain. The picture and the reasoning resembles Minkowski
diagrams.

4.5.2 Center of mass

Now that the behaviour of the tip point in the fast polymerization regime is settled, we

can explain the dynamics of the center of mass. For o < 1/2, the drift term in Eq.(3.20)

can be neglected compared to the diffusive term. Using this approximation, in Eq.(4.10)

we derived the mean-squared displacement for the center of mass as <ﬁ2

com> ~ tl_a’

For a > 1/2, the convective term can not be neglected. Let us integrate both sides of

Eq.(3.20) with respect to o in order to derive an equation of motion for the center of

mass in the fast polymerization regime:

—
f com

VN

. 1, N [} .
Ot Reom = 8t/ R((L t)dU = % / 00, R + (439)
0 N 0

where we plugged the boundary condition for a free chain. In addition, we defined
f;om(t) as:

= 1 =
feom ::A f(O',t)dO’ (440)

which is a Gaussian point process with a vanishing average and delta correlation ( feom,a feom.8) =

204,30(t —t'). Integrating the drift term in Eq.(4.39) by parts yields:

N
> f com

_ N =
OtReom = N(R(N(t)7t) - Rcom(t)) + \/N

(4.41)
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which can be solved as:

53 53 1 N / / 1 ! Y /
Ran(1) = Feonst0) = 5705 /N Fup(V)AN'+ g [ VN ot (442

According to this equation, the dynamics of the center of mass is under the impact
of two terms. The first term in the RHS is due to the thermal fluctuations of the
monomers and the second term is the influence of growth in the dynamics of the center
of mass. Asshown in Eq.(4.42) the contribution of the thermal noise in the mean-squared
displacement of the center of mass scales as t! . Let us calculate the mean-squared of
this term to find the contribution of the growth into the mean-squared distance of the

center of mass:

<<}V /0 : étip<N'>de)2> = /N N dN’ /N N AN"(Byip(N') Ruip(N")). (4.43)

In the previous section, we argued that the tip point in the fast polymerization regime
should step randomly at the polymerization moments and therefore its dynamics can be
considered as a Wiener process parameterized by the chain length N. The autocorre-
lation function of this process is then (Ryip(N')Ryip(N")) = min{N’, N"} which results

in:
1 [N 2 1 /(N3 N3 N3\ N

Therefore, compared to the thermal term, for @ > 1/2, the dynamics of the center of

mass is dominated by the tip motion.



Chapter 5

Dragged Living Rouse Chain

Dragging single polymers such as DNA via optical tweezers has become a commonplace
experiment to explore the mechanical properties of polymers[66-69]. In order to com-
plete the picture, parallel to the experimental works, considerable amount of theoretical
research has also been conducted[34, 35] in order to understand the static and dynamical
behaviour of dragged polymer chains. These theoretical studies are crucial to understand

important phenomena, such as translocation of a polymer through a nanopore [70, 71].

Throughout this chapter, we consider the experimental setup of a growing Rouse chain
dragged via a constant force from its non-growing end. Throughout this whole chapter
we focus on dynamical properties of thermally averaged monomer positions (E(n, t)) and
bonds (b(n, t)), which can be obtained from averaging Eq.(2.109) over thermal noise. To
keep our notation simple, we will use R and b for these average quantities. The constant
force F applied at n = 0 is considered to be in the z-direction. Another notation
simplification that we will use is to drop the index corresponding to the Cartesian
components in the x direction. Applying all these simplifications, the equation of motion
in the z direction reads:

O R(n,t) = B2R(n,t) (5.1)

alongside with the boundary conditions:

OnRlpn—g = F
OpRlnen =0 (5.2)

Note that in the y and z directions, the equations of motion are that of the free chain.
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The corresponding evolution of bond vectors (i.e. tensions) is defined by 9;b = 92b and

is supplemented by the inhomogeneous Dirichlet boundary conditions:

b(0,t) = F
0

b(N,t) = (5.3)

As a starting point, to get familiar with the propagation of tension along a Rouse chain,
we will review the the dynamical properties of a fixed-length chain dragged at one of its

ends in the next section.

5.1 Fixed length chain

To find the solution of a Rouse chain with a fixed length N, dragged at n = 0 via a
constant force F' (in e.g. x direction), one has to solve an inhomogeneous boundary value
problem. There are several well-known strategies to approach such problems. We can
formulate the problem as a homogeneous boundary value problem with a singular force
density 20(n)F, concentrated at the forced end. Here, we have to consider a limiting
process towards a delta function at the boundary. The correct result is recovered if we
approach the delta function by a sequence of functions, which are symmetric around

n = 0.

For our discussions, we assume that the chain is initially in equilibrium and therefore

R(n,0) = 0. Using the expansions introduced in Section 2.2 we can write:

B t 21 2
R(n,t)=F Nt N pz:l 2 cos(kpn) (1 —e " ) (5.4)

Let us take a look at the velocity of the forced point by differentiating this equation

with respect to time:

F (o)
OR(n=0,t) =+ | 1+2 St (5.5)
p=1

According to this equation, there are two different time regimes, with qualitatively
different behavior of the chain: For t < 7 = (N/7)?2, we can convert the summation of

Eq.(5.5) into an integral over a continuous variable p which leads to:

F o 1
OR(n=0,1) ~ N (1 + 2/ le_kgt) ~ \/ﬁ
p:
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Note that the velocity of the base point in the short time regime does not depend upon

the chain length V. Consequently in the short time regime we can write:
R(n=0,t < 1) — t'/2. (5.6)

In the long time regime, i.e. ¢t > 7R, the external force spreads along the whole chain and
the velocity of the forced point reaches the steady state 9, R(n = 0,t) ~ % Therefore
we expect that:

R(n=0,t = o0) — % (5.7)

The steady state tension distribution by (n) is obtained from Eq.(5.4) as:

b(n, t) = (1 - %) F (5.8)

We can now summarize the behaviour of a dragged fixed length Rouse chain. Just a
short time after applying the external force, the distortion starts to propagate along the
chain by diffusion mechanism. The part of the chain close to the external force aligns to
the force and takes a stretched configuration. The rest of the monomers do not feel the
force and take an unperturbed configuration at rest. Therefore in this time regime, the
the overall conformation of the chain possess a stem-flower like shape, with randomly
coiled and stretched parts. After a sufficient time, the force distributes along the whole
chain and the system reaches the steady state of Eq.(5.8). In this regime, all monomers

move with the same speed and the distribution of the tension does not change in time.

5.2 Slow polymerization

In this section we present an analytical approach to obtain the dynamics of the bonds
b(n,t) in the slow polymerization regime. One can eliminate the inhomogeneous bound-
ary condition at n = N(t) by introducing a so-called shift function bg,(n,t). The shift
function is a function that satisfies the inhomogeneous boundary condition. It must not,
however, satisfy the equation of motion. For such a shift function, we choose a simple

linear function in n:

ben(n,t) = (1 - NT(Lt)) F (5.9)

Now, we can decompose the solution for b into two terms b(n,t) = by (n,t) + bp(n, t):
1)The shift function which satisfies the boundary condition. 2) An unknown function
by, which satisfies its corresponding evolution equation and is supplemented by a set of
homogeneous boundary condition of the same type as the original problem (here Dirichlet

boundary condition). The evolution equation for by by substituting this decomposition
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into the evolution equation for b(n,t). Inserting the shift function given in Eq.(5.9)

yields:

N
Orby, = 9%by, — F (5.10)

From the boundary condition given in Eq.(5.3) we can find the boundary condition for

by, as:

bu(0,2) = b0, £) — bon(0,1) = 0
b (N (1), £) = (N, £) — by (N, ) = 0 (5.11)

which is obviously homogeneous at both points n = 0 and n = N(¢). Note that by
introducing the shift function, we could transform a boundary value problem with inho-
mogeneous boundary condition to homogeneous boundary value problem at the expense,

that the new equation of motion contains an inhomogeneity.

Now we can solve the moving boundary value problem of Eq.(5.10) using the standard
techniques introduced in the previous chapter. First, we immobilize the moving bound-
ary using the Landau transformation given in Eq.(3.16):

N

atbh(O', t) = agbh + NU (Babh - F) . (5.12)

N2 (1)

Next, the time dependent coefficient of the resulting equation is eliminated using the
time transformation of Eq.(3.21). Then we balance the dominant contributions and
neglect small perturbations. After all these steps, the asymptotic solution of Eq.(5.10)

in terms of normal modes can be obtained as:

(o,7) = Qi { } sin(omp)

=1

By transforming 7 to ¢ and o to n we can write:

b(n,t) = (1 — F+2Z[ ~(m) Mw%m(%). (5.13)

and therefore in the long time regime the tension distributes along the chain as:

boo(n, 1) = (1 - N?Zt)) F. (5.14)

In fact, according to Eq.(5.14) in the slow polymerization regime, all modes are decaying
stretched exponentially in time until the tension distribution reaches the quasi steady

state boo(n,t). Let us consider the bond length of a segment located at n = O(1). As
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time passes by, the bond length increases and for a sufficiently long time (and therefore

long chain), it reaches its maximum value by (n) = F'.

5.3 Balanced polymerization

For o = 1/2, we decompose b(n,t) into the general solution of the homogenous problem,

br, and a special solution of the inhomogeneous problem, b, as: b = by, + by.

In Section 4.3, we presented the exact solution to by as a sum over a discrete set of

decaying modes. In this section we will find the particular solution b, that satisfies
1 .9 1
aq—bb = ?80.171) + iaao—bb. (515)

In particular, we look for a stationary solution of this equation, which along side the
solution given in Section 4.3 gives the full solution for b(n,t). Note that the stationary
solution b(o) still depends upon time because o = n/N(t). The stationary solution has

to obey the ordinary differential equation:
1 1
?agbb = — 5000y, (5.16)

which is easily solved by introducing S := J,b, and substitute it into Eq.(5.16)

72
OoIn(S) = —-0. (5.17)

The first order ordinary differential equation for S has the solution S = Sy exp (—1—202>

which leads to
b::Smﬂf(la>—%Sl (5.18)
2

where we have used the standard definition of the error function erf(z) := % Jo e v’ dy.

The constants Sy and S; are to be determined from the boundary conditions given in
Eq.(5.3):

bb(a:O,t—>oo):F

bp(c =1,t — 00) = 0.
Hence:

S =F (5.19)

(5.20)
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Finally by can be written as:

(4 erf(yo/2)
by(o) = (1 at(1/2) > F. (5.21)

—(ro/2)2
If we calculate the second derivative of this function as 92b, = W we find that

in the interval o € [0, 1], the function is concave up. Compared to the linear solution
of Eq.(5.14), in the balanced polymerization regime the tension is more piled up at the
forced end (see Figure 5.1). Now we can calculate the full solution in the long time
regime by considering both transient solution b and the stationary solution b,. In the

long time, when all the modes of by, are relaxed, the ground state for the tension reads:

erf (2%/{)
boo(n) = | 1— w2 | P (5.22)

As in the slow polymerization regime, the bonds at a fixed chemical position on the chain
n = O(1) elongates in time and for the asymptotically long time, which equivalently
means a sufficiently long chain the bond length is boo(n*) — F for monomers with fixed

chemical position. Again hear the boundary condition at n = N(t) is satisfied.

5.4 Fast polymerization

In this section, we try to find b(n,t) in the fast polymerization regime. To find such a
solution, we combine the variables o and ¢ as z := to* and attempt to find the power X in
such a way that the partial differential equation consists only of derivatives with respect
to z (all derivatives with respect to o and ¢t would be eliminated). As a consequence, the
evolution equation for b(n,t) is transformed to an ordinary differential equation which

can be solved analytically. Let us first introduce a new dynamical variable g(z) as:
g(z = to?) := b(o, t) (5.23)

The derivatives with respect to o and ¢ can be written in terms of derivatives of g with
respect to z. These derivatives are ;b = o*¢’, 9,b = tAc* g and 92b = tA(\ —
Do*2¢" + (tAa*"1)%2g”. Now we can substitute these relation into the equation for

b(n,t) to obtain:
’729/ . 720»\9/ _ )\()\ o 1)g/t172a072 . t2f2a)\2o_>\f2g// —0.

The free parameter A is to be determined, such that all terms depending upon o or t

convert to terms only dependent on z. This is achieved by choosing A = 2a2_1. The
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resulting equation reads:

()\2 —Xa— czlf%‘) g =dz*>"2g". (5.24)

2
where we introduced a := 2331, c:= ( 2 ) (g;ﬁ‘i‘) and d := (257_1> . This equation

can be solved as:
4
ﬁErf

9(2) = K x 72 —1) 2

(Z) + K. (5.25)

To find the constants K7 and K>, let us rewrite z in terms of o and ¢:

b(o,t) = Kerf [% (tz"z’l a)} e (5.26)

where erf is the standard error function. This solution needs to satisfy the boundary

condition given in Eq.(5.3). Applying the condition at ¢ = 0, we can obtain K as:
Ko=F. (5.27)

The boundary at ¢ = 1 can not be fulfilled exactly. Nevertheless, by choosing K1 = — F,
the boundary condition at this point will be satisfied asymptotically:

exp [— (t2a21)2]
)

Thus, the similarity solution for the fast polymerization regime can be obtained as:

blo=1,t) ~ (5.28)

b(o,t) =~ Ferfc [% <t2a2_1 0‘):| (5.29)

where erfc is the standard complementary error function. In contrast to the slow and
balanced regimes, is no more stationary. In the next section we will discuss the conse-
quences of this non-stationary tension distribution on the conformational dynamics of

fast growing chains.

Transforming the variable o to n, Eq.(5.29) takes the form:

b(n,t) = erfc (27\%) F, (5.30)

This result resembles the solution for a semi infinite chain n € [0, 00). Recall from Figure
4.4, that any perturbation applied on the chain can only be received by the monomers
with n = O(tl/Z) at time t. In fact, the forced point at n = 0 and the tip point are

causally disconnected which resembles the case, where the tip point is located in co.
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5.5 Summary of the analytical results

In the previous section, we found that the tension distributes differently along dragged
chains, which are growing in different polymerization regimes. Now we can calculate
various observables in different growth regimes. Table 5.1 summarizes these observables

calculated for different growth regimes.

| <05 | a=05 | a>05

" rt (33 ) .

Rtip - Rcom e tl 2 tlia
Reom(t) t- t* -
Ree o tl 2 tl 2
Ro(t) tl—a tl 2 tl 2
Ryip(t) t-o t1/2 const

TABLE 5.1: Variouse dynamical properties calculated for a dragged chain, which is
growing as N(t) = yt“.

In the table above As we see from this table, the conformational dynamics of dragged
growing chains are qualitatively different in different growth regimes. This transition

will be discussed in detail in the next section.

5.6 Dynamical transitions

In this section we present the results obtained from computer simulation and compare

them to our analytical calculations summarized in Table 5.1.

For a unit dragging force F = (1,0,0), Figure (5.1) shows b(o,t) vs. o for N = 1000
and N = 10000 quasi-monomers and for different values of . The lines represent the
analytical solutions obtained in Egs.(5.14), (5.22) and (5.29).

For av < 1/2 the tension reaches the linear limit distribution 1 — o as expected. In the
balanced polymerization regime o = 0.5, the distribution of the tension in the short and
long times coincide and therefore it seems to be independent of time. In contrast to the
slow polymerization regime, tension is distributed non-linearly along the chain. This
result is in accordance with the steady state calculation of Eq.(5.22). For a > 1/2 the
tension piles up more and more near the dragged end, while an increasing fraction of

the chain remains force free.
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FIGURE 5.1: Averaged tension distribution along growing chains dragged via a unit
force F = (1,0,0) as the chain lengths reach N = 1000 (small markers) and

N = 10000 (large markers) monomers. The growth is modeled as N(¢) = 1.5 t*: In
the slow polymerization regime (o < 0.5) the chain has been relaxed to a quasi-steady
state conformation b(c,t) — (1 — o) even in the early stage (N = 1000). For a = 0.5,
the tension distribution is time-independent but no more linear. The analytic solution
(solid line) matches perfectly to the simulation result. In the fast polymerization
regime « > 0.5, the force starts to pile up near the forced point. The piling up gets
more pronounced as time proceeds. The grey (N = 1000) and black (N = 10000) lines
show the similarity solution of Eq.(5.29). Inset: X7 magnification. For o« = 0.56 the
similarity solution does not satisfy the boundary condition in the short time regime.
In the later time the similarity solution at ¢ = 1 approaches to the boundary
condition of the problem. Consequently the global matching is improved

As we see, by passing from the slow polymerization regime to the fast polymerization
regime, the system exhibits a phase transition. To understand the physical origin of
this transition, suppose that the dragging starts at ¢ = 0, so that the initial tension
is localized at n = 0. In Figure 4.4 we discussed that the causal connection between
different compartments of the chain is affected by growth. For a dragged chain, one
has to consider the causal connection between the perturbed point namely the base
point and the tip point. The drag spreads diffusively along the polymer and within a
time ¢ > 0, it will build up tensions in bonds with n ~ O(t1/2). If a < 1/2, tension
propagates faster than polymer growth and will reach the growing end even for longest
times. However, if a@ > 1/2 polymer growth is faster than the propagation of tension
and the fraction of stretched bonds decreases with time. In other words, the transition

is the result of a racing duel between the tension and the polymer growth.
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5.6.1 Tension threshold

To have a better understanding about the transport mechanism of tension along the
chain, we tracked a certain tension on each of the chains and observed the position of
this tension in time. Figure (5.2) illustrates the position ¢* , where the segments are
under a tension equal to 0.2F for various chains growing with different exponents. For
chains with o < 0.5, after a sufficient time, ¢* approaches a time independent limit,
which is in accordance with the quasi-steady state solution of Eq.(5.14). In particular

for a < 0.5 we expect (Figure 5.2):
0.2F = (1 — 0")F = o* = 0.8, (5.31)

Increasing o above 0.5, ¢* decreases with time meaning that tension is accumulating to

the forced end of the chain.
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FIGURE 5.2: The chemical position (normalized by the chain length N(¢)), where the
segments are under a tension equal to 0.2F for various chains growing with different
growth exponents a. For chains growing with exponents o < 0.5, the tension
distribution reaches a quasi-steady state and thus the chemical position of this tension
saturates to a constant value o* = 0.8F (see Eq.(5.31)). For the intermediate regime
a = 0.5, the distribution of the tension is a non-linear quasi-steady state. Increasing «
above 0.5, ox decreases with time. This means that the force free portion of the chain
grows in time and the tension is accumulating at the forced end of the chain.
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5.6.2 End-to-end distance

Figure 5.3 depicts the end to end distance normalized by the polymer length, which is
computed as polymers reach certain lengths (N = 10000, 5000, 1000, 500). To illustrate
the transition, we sketched this quantity with respect to the growth power a. Below
a = 0.5, as can be read from Table 5.1, R(N,t) — R(0,t) scales like N(¢) and therefore
the graph approaches a fixed value. This behavior is analogous to the fixed length chain,

where the average end to end distance can be computed as:

FN

R(N, ) = R(0,) = =

(5.32)
For chains growing faster than t%°, only a portion of the chain, which scales as t9 feels
the force and the majority of the chain is a random coil with a vanishing averaged end to
end distance. Hence the length N(¢) grows faster than the averaged end to end distance
and the graph drops to zero. Note that for longer chains the transition at a = 0.5 is

more abrupt.
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F1GURE 5.3: End-to-end distance along the direction of external force, normalized by
the chain length N. For a < 0.5, the end to end distance scales as t*. Beyond

o = 0.5, it scales as t'/2. Hence the normalized end to end distance decreases sharply
to zero. See Table 5.1.
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5.6.3 Base and tip in the center of mass reference frame

The structural transition discussed above leads to a transition in the dynamics of
monomers in the reference frame of the center of mass. We observed that the posi-
tion of the base and tip points in the reference frame origined at the center of mass,
obeys a power-law in the long time regime. Figures (5.4a) and (5.4b) depicts the fit-
ted exponent of these power-laws as a function of . For a < 0.5, both base and tip
monomers move as ~ t% Beyond « = 0.5, the behaviour of the tip point switches to a

tl—a

power law with an exponent of , while the exponent of the base point approaches a

plateau o = 0.5.
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FIGURE 5.4: The exponents of the power-laws corresponding to the position of the
base and tip point in the reference frame origined at the position of the center of mass
as a function of a. These values have been collected at different growth stages

(N = 500,1000, - - - ). For both observables, around a = 0.5, one can see a sharp
change in the exponents of the power-laws.

5.6.4 The shape of the chain

Figure 5.5 depicts a snapshot of a growing chain, with the growth exponent o = 0.7, as
it reached N = 10000 beads. As we see, the polymer in the fast polymerization regime
possess a stem-flower like shape. The stretched part close to the forced point takes a
stretched conformation, while the majority of the polymer does not feel the force and

consequently is randomly coiled.

To analyse the structure of the chain shown in Figure 5.6, we measured the mean squared
distance between each bead located at n and the tip point at N and sketched it with
respect to the chemical distance between these two points namely ng := N — n. The
data are collected as the chains reach the length N = 10000 monomers. The random

coil conformation is characterized by random walk in the chemical space and therefore
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FI1GURE 5.5: A snapshot of the system with o = 0.7 as the chain reaches N = 10000
monomers. The chain conformation is a combination of random coil and streched
configurations.

the mean squared distance should scale like the chemical distance. Considering Figure
5.6, the growing end of all chains are random coils with (R(N) — R(n))? ~ ng. For the
slowly growing chains, we can observe a stretched conformation with R(N) — R(n) ~ ni
for ny > 500 which is the major portion of the chain. Beyond o = 1/2 no stretched

conformation has been identified.
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FIGURE 5.6: Squared distance of monomer at chain position s = N — ng from the tip
position R(N,t) vs ns computed from snapshots captured as the chain reaches

N = 10000 monomers. For « > 1/2 the influence of the dragging force is restricted to
a very thin boundary layer. For o < 1/2 the coiled part of the chain shrinks to a
boundary layer (of a few hundred monomers) near the tip. For o = 1/2, the stretched
part of the chain does not follow a simple power-law scaling.

5.6.5 Coupling between center of mass and tip

As mentioned in Section 4.5 in growing chains, the dynamics of the center of mass is

closely connected to the internal dynamics of the chain. We can derive the evolution
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equation for R.., as:

N F
8L‘]:icom - N(Rtip - Rcom) - N

One can multiply both sides of Eq.(5.33) by N(t) and rearrange the relation above to

(5.33)

obtain:
O [N(t) - Reom) = N - Ryyp — F (5.34)

Note that if N = 0, i.e. if the growth velocity is zero, the correlation between Rcom,
and Ry, vanishes and consequently one recovers the equation of motion for the center

of mass for a fixed length chain.

Rearranging the terms we obtain:

[N (Riip — Reom)] F
0 Ryip = dall = ) -5 (5.35)

Now we can substitute (Reom — Rip) from Table 5.1 and calculate the dynamics of
E(N(t),t) for the whole range of a. For o < 0.5, Reom — Ryip ~ t*. Therefore in
Eq.(5.35) the velocity of the tip is mostly dominated by the term ¢t~ (second term in
the RHS.). Hence the absolute position of the tip point scales as R(N(t),t) ~ t!=%,

Beyond a = 0.5, if we also consider the prefactors (Reom — Rm-p>, we obtain:

Ft
<Rcom - Rtip> = W (536)

and substituting into Eq.(5.35) yields R(N(t),t) — const. As we see, the tip point of the
polymer undergoes a non-trivial transition by passing from slow polymerization regime
a < 0.5 to the fast polymerization regime o > 0.5. In fact, for o« > 0.5, we expect from
the discussion above that the tip performs an unbiased random walk. The numerical

results confirm such an arrest of the tip point for o > 0.5 (see Figure 5.7).

Now we can use the results above to analyze the dynamics of the center of mass. For
a < 0.5, substituting the value of (R, — Reom) from Table 5.1 into Eq.(5.33) we can
obtain:

(Reom) =t (5.37)

Going beyond o = 0.5, the tip gets stuck at C' and therefore Eq.(5.34) yields:

Reom(t) = C + —— (5.38)

Considering Eq.(5.38), we can see a clear dynamical transition in the motion of the center

of mass at & = 1. For a < 1 the dynamics is dominated by the power-law Reom ~ t1~2.
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FI1GURE 5.7: The exponent of the growth power-law of the tip point vs. « for
different growth stages N = 500, 1000, ---. For o < 1/2, the tip point in the lab
reference frame scales like t!=*. At around a = 0.5 the exponent sharply decrease to
zero due to the sudden arrest of the tip point for aw > 1/2. This transition becomes
sharper for longer chains.

In contrast, for a > 1 the expected behavior ~ ¢!~ is replaced by a rather sudden stop
of the center of mass. Figure 5.8 illustrates this transition. Here, we sketch the slope
of the log-log graph of the averaged position of the center of mass against «. From this
figure, the transition in the behavior of ﬁcom at & = 1 is obvious. What still remains
unclear, is the deviation of the slope from our expectation for 0.5 < a < 1, for which we

cannot offer a simple physical explanation at present.

5.6.6 Base point R(0,1)

It is also worth mentioning the behavior of the dragged point at n = 0. For a < 0.5, the
dragged point in the reference frame of the center of mass moves as t* (see Table 5.1),
while the center of mass in the lab frame moves as t!~®. Therefore the motion of the

dragged point in the lab frame should be dominated by the center of mass:
R(0,t) ~ t'72. (5.39)

Increasing o beyond 1/2, the dominant dynamics is the motion of the base relative to the
center of mass. According to Figure 5.4, in the fast polymerization regime, the position

of the base point in the reference frame of the center of mass scales like t1/2, while the
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FIGURE 5.8: Logarithmic derivative of the logarithm of x-component of the
center-of-mass vs. a. The dashed line corresponds to the simple expectation ¢!,
calculated for slow polymerization regime. The inset shows the approach to zero
(upper boundary of inset) for 1.25 < a < 1.3.

center of mass moves as t!~®. Consequently:
R(0,t) ~ t°°. (5.40)

Figures 5.9a and 5.9 depicts this transition.
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FIGURE 5.9: (a)The averaged position of the base monomer in time measured in the
lab frame and (b) the exponent of the power-law growth of this quantity computed at
various polymerization stages (N = 500, 1000, - - -) as a function of the growth
exponent a. For av < 1/2, the base point follows the center-of-mass, and therefore the
exponent of the corresponding power-law approaches '~ as the chain length
increases. Beyond o = 1/2, this exponent approaches asymptotically to the constant
value 1/2.



Chapter 6

Living Rouse Chain in Shear Flow

In polymeric systems, one important scenario which deserves attention is polymers under
flow. In this scenario as described by Eq.(2.16), a velocity field is imposed on solvent
molecules. Due to the change in the relative velocity of polymers and solvent, the friction
experienced by the polymers is changed and the stretched polymers introduce additional
stresses to the fluid, which change its rheological properties. In this chapter, we will

extend such studies to the case of growing chains in a shear flow.

6.1 Some elements of rheology

Rheology is the study of flow and deformation of materials under applied stimuli. In
experiments it is common to impose an external velocity field (flow) on the material
under study. The mechanical response of the body is then measured in terms of internal

stresses formed by the external flow.

A polymeric liquid contains a large number of polymer chains surrounded by solvent
molecules. We are interested in micro-rheology of polymeric liquids. In other words,
we will study how the dynamics of single polymer molecules are affected by an external
flow field. From such a microscopic description of the system, we then try to extract

macroscopic flow behavior of the polymeric fluid.

6.1.1 Steady shear flow

From the point of view of continuum mechanics, an external distortion in a fluid can
be represented by a FEulerian velocity field v(7,t), which specifies the average velocity

of materials inside a small volume element dV at 7 in space and at time ¢. Note that
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throughout this chapter we will use the non-dimensionalized variables introduced in
Section 2.1.3. The velocity field is a macroscopic kinetic quantity; The length scales
involved in the velocity field (e.g. the dimensions of the fluid container) are much bigger
than the microscopic lengths (e.g. dimension of a monomer). This implies that around
a single polymer chain, which is small compared to the length scale of the flow but large
compared to a single monomer, the linear approximation of the flow field is justified. Let
us assume that a polymer chain is placed at an arbitrary point 7 (for example consider
that its center of mass is placed at this point). Around this point, one can Taylor expand
the velocity field as:

U(7,t) = 0(0,t) + £(0,t) - 7+ o(7) (6.1)

where k is the velocity gradient tensor at the origin:

vz vy Oug
ox dy 0z
Ovy  Ovy  Ouy
br By 0z (6.2)
v, vz Ovg
ox dy 0z

x>
I

In Eq.(6.1), without loss of generality, we have put the origin at point 7y = 0. The zero!”

order term in Eq.(6.1) is a translation of all the molecules inside the system as a whole.
It does not change distances between molecules and therefore has no impact on internal
stresses (which later on we will introduce as a measure for mechanical response of the
system) in the fluid. The second term, however, shows how velocity changes from point
to point in the container. It says, how materials move relative to each other. In fact,
these relative motions change the distances between molecules and lead to formation of

stress inside the body.

We will discuss the dynamics of growing polymers in presence of a steady shear flow. In
particular, we will derive analytical expressions for the dynamics of the bonds g(n, t),
which in turn can be used to calculate rheologically important observables such as the

stress tensor.

Fig.(6.1) illustrates schematically the experimental setup: A polymeric liquid between
two parallel plates with normal vectors along the y axis is deformed by moving the upper
plate parallel to another with a constant velocity V. Consider h as the distance between

two palates, the macroscopic shear rate  is defined as:
K= — (6.3)

This distortion, if applied slowly enough, imposes a time independent macroscopic flow

field ¥ = (ky,0,0). From the definition in Eq.(6.2), the velocity gradient tensor for this
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FIGURE 6.1: Living polymers under a steady shear flow. The upper plate is dragged
via a constant speed V', while keeping the lower plate fixed. During deformation,
polymer chains are growing.

steady shear flow reads:

0 ~ O
k=10 0 0 (6.4)
0 0 O
Note that the velocity gradient x introduces a time-scale in the system:
T = (6.5)

;-
This is in fact the time scale, over which the flow acts locally on the body. For a polymer

under shear flow, a dumbbell initially along the y axis is aligned in the direction of the

flow over this time scale.

6.1.2 Stress tensor

Internal stresses are usually expressed by stress tensors ¢[15]; a second order tensor in
Cartesian space, that allows for calculation of the force exerted on an arbitrary surface
element inside the body. To define the stress tensor, consider an imaginary surface
clement dA within the fluid, with a normal direction 7. Let dF(f) be the total force
exerted on this surface element, due to the interactions between molecules that are above
the surface, and the molecules that are on the other side. By definition, the stress tensor
is defined such that:

dF(7i) = —6 - hdA (6.6)
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The quantity g—i is called traction and has the dimension of pressure. In rheology
of polymeric fluids, it is useful to decompose the molecular interactions in two parts:
One part is the interactions involving solvent molecules and the other is due to the
interactions between monomers making up the polymers. Consequently, the stress tensor

can be written as:

Gap =055 +60 5 (6.7)

If we consider a Newtonian solvent, o7, 3 reads:
I

608 = Ns(Ka,p + Kpa) + Pdags (6.8)

The presence of polymers in the system makes an extra contribution in the stress tensor.
The microscopic expression for the stress tensor of polymers can be found in standard

textbooks and is given by:
= —*ZZ oRE ), (6.9)

where F! is the total force, exerted from other beads on the m** bead of the i*" chain
which is positioned at Rﬁn and «, 8 label the Cartesian coordinates. In general, these
forces may be due to bonding as well as non-bonding forces. Here, we consider a dilute
solution for which we can neglect interactions between monomers of different chains.
For a mono-disperse solution, the summation over chains thus becomes the factor ¢,

denoting the concentration of chains’
ohs =) (bmabms) (6.10)
m

where we considered that in a Rouse chain the intramolecular interactions is restricted

only to the neighbouring beads Ffﬁ,a = bimyi1,0— bﬁn’a = —k(2an7 i o Rﬁn+17a).

The stress tensor of Eq.(6.10) can also be written in continuum form, which used in

analytical approaches:
Gop = —Cp/<ba(n,t)ba(n,t)>dn (6.11)
n

6.1.3 Viscometric functions

Instead of measuring all elements of the stress tensor, it is easier to measure new ob-
servables as combinations of these elements. Such functions are called viscometric func-

tions[72]. Important viscometric functions to study polymers under shear flow are as

'From the experimental point of view, it is more common to express Eq.(6.10) by the monomeric
concentration. For a mono-disperse solution, the concentration of monomers c¢,, can be obtained as
cm = Ncp.
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follows:

e Shear viscosity: is a measure that characterizes the resistance of a fluid against
deformation due to the friction between fluid layers. Viscosity 7 is usually ex-

pressed in terms of the shear stress:
= KOzyy (6.12)

where the shear rate x is defined as k := Ay y.

e Normal stress differences: are associated with the anisotropy induced by ap-
plying strain in a fluid. At a microscopic level, anisotropy in a polymer molecule
is signalled by the deviation of its shape from a symmetric random coil. This in-
formation is also contained in the stress tensor. To characterize such anisotropies,
the normal stress differences are measured. For a stress tensor, one can define two
normal stress differences, that provide comparison for the amount of stress along

different axes. These can be defined as:

1. First normal stress difference: o, — oyy

2. Second normal stress difference: oy, — 022

6.1.4 Rheology of fixed length polymers

As mentioned before, an external stimulus like a flow field affects the internal dynamics
of polymers, particularly the dynamics of the bond vectors 5(n, t). On the other hand,
Eqgs.(6.10) and (6.11) express the macroscopically measurable stress tensor in terms of
these microscopic bond vectors. It should be therefore possible to relate the applied
flow to the stress tensor. This procedure is what we meant above by micro-rheology.
Micro-rheology of fixed-length Rouse chains is extensively studied and the results can
be found in various standard literatures (see for example [15]). In the following, we first

review these results. In particular, we point out, how viscometric functions depend upon

the polymer length N.

In presence of a steady shear flow v = (ky, 0,0), a particle positioned at (R, Ry, R.) feels
an extra velocity equal to (kR,,0,0). As a consequence, the beads experience an extra
friction in x direction which opposes the direction of the particle velocity. Obviously,

this excess of friction depends upon the position of the bead in y direction. In continuum
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limit, the equation of motion for a polymer chain under a shear flow can be written as:

O Ry(n,t) = 2Ry (n,t) + KRy + fu (6.13)

n

O Ry (n,t) = O2Ry(n,t) + fy (6.14)

n

The dynamics of the chain in y and z directions remain that of a free chain. The
corresponding evolution equation for the bonds can be set up by differentiating both

sides of these equations with respect to n. For b, we can write:
by (n,t) = 02by(n, t) + Kby + O fo (6.15)

In fact, b, can be interpreted as an additional Gaussian noise. The properties of this
noise can be inferred from our results on the free chain. Note that the evolution equations
for by(n,t) and by(n,t) are one-way coupled. In other words, b, depends upon b, but b,
is independent from b,. Formally, the solution for b, can be expressed in terms of the

Green’s function:
t N
by(n,t):/ dt’/ dn'0,yGp(n, tin',t') f,(n', 1) (6.16)
0 0

where we have integrated over the variable n’ by parts and substituted the boundary

conditions for the Green’s function.

the correlation function of the bys, which completely characterises their stochastic prop-
erties can be expressed in terms of the Green’s function Gp. Using Eq.(6.16) and
considering the correlation of the noise as (fo(n,t)f3(n,t')) = 264,85(n —n')o(t — t'),

we can write:

t/ N
(b, (n, )by (1, ') = / dt / 1O, G (n, tln1, 1), G (0 Flnn, 1), (6.17)
0 0

where we assumed t > t'. Substituting Gp from Chapter 2 yields:
2 o0
O, Gp(n, thn1,th) = — > ky sin(kpn) cos(kpng )eFr 1), (6.18)
p=1

Plugging this equation into Eq.(6.17) results in:

(by(n, )by (', 1))

4 v , N

= N2 Z kpkq sin(kpn) sin(k‘qn’)/ dtle_k%(t_tl)_kg(t —t1) / cos(kpny) cos(kgny)dny.
P:q 0 0

(6.19)
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Note that fON cos(kpn1) cos(kqni)dny = §6,,. Using this relation and performing the

summation over ¢ in Eq.(6.19) we can write:

N
2 /
(by(n, t)by(n',t")) = N E kg sin(kpn) sin(kpn’)/ dty e Fp(tHt)+2k5t
p=1 0

If we integrate over ty, for the long time regime ¢ > 7r, we ultimately obtain:

(by(n, t)by(n', 1)) = 5 [O(t —t)Gp(n,tn',t') + O — t)Gn',t'|n,t)] . (6.20)

N |

The x component of the bond vector b,(n,t) can be calculated by plugging Eq.(6.16)
into Eq.(6.15)

t N
by(n,t) = /0 dt'/o dn'Gp(n,tin', t') [kby (0, ') + Oy fo (', )] . (6.21)

Here, the transient terms due to the relaxation of the initial condition have been ne-
glected. At this point, we can express various rheologically interesting observables in

terms of the Green’s function:

e End to End distance squared:

N N t t N N
)= [ an [ [an [ [Cam [ (6.22)
0 0 0 0 0 0

X GD(n,t\m,tl)GD(n/,t]m',tg) (6.23)
X (K(t1)R(t2) (by(m, t1)by (M, t2)) + (O f(m, t1)0m f (', 12))) (6.24)

e Shear Stress:

N
Coy = /O (ba (1, £)by (1, £)) dn (6.25)

N t N
:/0 dn/o dt/o dn'Gp(n, tin', t")k(t")(by(n, t)by(n', 1)) (6.26)

e First normal stress difference o, , — 0y,y:

N
Go— 0y = /0 dn (B2 (n. 1) — B2 (n, 1)) (6.27)
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where:

<b920 (n7 t) - b;?/ (n7 t)> (6.28)

t t N N
= K2 / dry / dr / dmy / dms (6.29)
0 0 0 0

Gp(n,tlmi, m1)Gp(n, tima, ) (by(m1,71)by(m2, 72)) (6.30)
e Second normal stress difference oy, — 0 .: This term is equal to zero.

We can now calculate the rheological properties of fixed-length polymers using Eq.(6.20).

Table 6.1 summarizes these results[73]:

Observables | Results from Rouse Model
(R ce) K2N® + N
N2
Ozy ’€478
2N4
Oxx — Oyy n1440

TABLE 6.1: The time- and length-dependence of various rheological observables,
calculated for Rouse chains.

In the next section, we will work out the rheology of growing Rouse chains. Our ana-
lytical calculation is restricted to the slow-polymerization regime, where N(t) = o(t*%).
Recall that in this regime, the dynamics of the growing chain, asymptotically, can be
fully mapped to the dynamics of a fixed-length Rouse chain with length 1. The rheol-
ogy of the fast polymerization regime will be analyzed numerically using the algorithm

presented in Sections 3.1 and 6.3.

6.2 Slow polymerization regime

Here we present the rheological properties, calculated for slowly growing Rouse chains
under a steady shear flow with shear rate k. The procedure for calculating the shear

stress 0., and mean squared end to end distance is presented in detail.

Applying the Landau transformation given in Eq.(3.16) and time transformation in

Eq.(3.21) to the system of stochastic equations for b, and b, and after balancing the
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dominating terms in the long time regime we can write:
Orpr(0,7) = 02py + k- N*(7) - py + fu(0,7T) (6.31)

where p'is defined as in Eq.(4.6). The boundary condition for a chain with two free ends
is given in Eq.(2.59). The white noise f is characterized by its first and second moments
which are given in Eqgs.(3.23) and (3.24).

Eq.(6.31) has a nice interpretation. It shows that in the slow polymerization regime,
the dynamics of a growing chain under a steady shear flow x can be mapped to the
dynamics of a fixed length chain, subjected to an unsteady shear flow x*(7), which is
defined as:

K*(1) == k- N*(7) (6.32)

Let us proceed with the calculation of the shear stress. If we introduce 5 = 0,0, we

have:

—

b=08,R=1/No,VNji=j3/VN
. Thus, one can write:
N(t) 1
Ory(t) = / dn (b (n,t)by(n,t)) = / do(Bz(o,7(t))By (0, T(t))) (6.33)
0 0

Eq.(6.33) implies that the stress tensor of the transformed chain, is exactly equal to the

stress tensor of the growing chain.

Inserting Eq.(6.20) into Eq.(6.26), the stress tensor can be written in the following form:
o0 T
Ory(T) = Z/ dr'o,(r, 7). (6.34)
p=1""

where we introduced:

K]* (7_/

op(T, 7)== ) exp [—2]4;1%(7' — 7] (6.35)

The integration of Eq.(6.34) can not be performed exactly. Figure 6.2 depicts the
op(7,7') for a fixed value of 7 and for different values of p. Because the most important
contribution to the integral comes from the integrand value near 7 = 7, one can ap-
proximate the integral by the area of the right triangle, whose hypotenuse is tangent to

the curve at point 7/ = 7. Therefore:

T 02(7 T) K*(T)
dr’ "~ LA = 6.36
/0 ’ UP(T’ ’ ) 267"017(7—7 T/) |T’:‘r 87’(2]92 ( )
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In the end the shear stress can be calculated as:

K’yQtQQ

48

Oz y(t) = (6.37)

As we see from this equation, in contrast to fixed length polymers, whose respond to a
static stimuli does not depend on time (see Table 6.1), for growing polymers, the shear
stress, as a mechanical response to the steady shear flow turns out to be time-dependent.
This result could also be deduced from Egs.(6.31) and (6.33). From these relations, we
have seen that the shear stress of a growing chain is exactly equal to the shear stress
of a fixed length chain with length 1 subjected to a time-dependent stimuli £*(¢). For
a fixed length polymer under such a time-dependent flow, we expect a time-dependent

response.

250000 —
200000 —
150000 4
c (1:, r')
P

100000 —

50000 —

T T T
395 39.6 39.7

T

I
[==p=3==p=2=—p=1] I

FIGURE 6.2: o,(7,7') against 7/, for 7 = 40, a = 0.45 and = 1. The integral
fOT op(7,7")d7’ can be approximated by the area of the right triangle, whose
hypotenuse side is tangent to the curve at 7/ = 7. Figure illustrates such a triangle for

p=1.

As another example, here we calculate the mean squared end to end distance for a slowly
growing chain. Note that the end to end distance of the transformed chain and original
chain are related as /N (t)(3(c = 1,7(t)) — glo = 0,7(t))) = R(N(t),t) — R(0,t). To
calculate the end to end distance of the transformed chain under an unsteady velocity

gradient k*(7), we insert the Green’s function into Eq.(6.24):

(P2.ee(T)) = (Peen(T)) + (Preo(T)) (6.38)
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where we introduced (p2, (7)) and <pge’0(7')> as:

,oeeH /dal/ daz/ dTl/ d7'2/ do’l/ do},

x Gp(o1,7|oy, 1)Gp(0g, T|og, 7o) K™ (1)K (15) (b (01, 1) by (05, 75))  (6.39)
and:

peeO /dal/ dag/ dTl/ d7'2/ 0’/ dof

x GD(Ula7'|0177'1)GD(02»7'|U2a7'2)@0177(0177'1)30577(05,T§)>- (6.40)

<p§670(7)> is due to the thermal fluctuations of the chain, which is nothing other than
the mean squared distance between two ends of a fixed-length polymer with length 1,

in the absence of any flow. This quantity can simply be calculated using Eq.(2.84) as:
> 1
(PeeolT Z 7 (6.41)

where we used Z;‘;Oddl% = 3((2) with ¢ the standard zeta function[64]. The term
(p2, (7)) in the right hand side arises due to the presence of the flow. This term will

be analyzed here.

The integral in Eq.(6.39) is performed over both of the time variables 7{ and 7. There-

fore according to Eq.(6.20) we can write:

(By(01,71)By (09, 73)) = O(7] — 73)Gp (07, 71|02, 73) (6.42)

which yields:

1 . 1
pee,{ Z / drik*(m] /0 drik (Té)k—% exp [—2/{12,(7 —13)] (6.43)

p=odd

Now we can exploit the same trick shown in Figure 6.2 to approximate the integral:

(Pen) = (@) Y 5~ 62N (644
p=odd P

Consequently, the mean squared end to end distance reads:

(R

x,ee

) = k2N5(t) + N(t) (6.45)

In treating polymers using the Rouse model, one has to be aware that this model is only
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applicable if the chain is not overstretched. In fact, the entropic springs between the
beads allows an infinite extension of the polymer, which is an unphysical situation. We

can express the overstretched regime, as the situation where:
N < \/(R2) (6.46)
For a system consisting of polymers with fixed lengths, by choosing the shear rate as:
k< N73/2, (6.47)

we are on the safe side and can be sure, that the chain is not excessively stretched. In
a growing Rouse chain, however, the situation is different. No matter how small x we
choose, at some point the overstretched regime will arrive. Hence, our analysis presented
here is only acceptable if:

N(t) <« k23 (6.48)

beyond this time regime the Rouse model fails. In Section 4.1, we remarked, that our
approximate solution to the growing chain is only valid, if we are beyond a so called
crossover time ¢, = *yﬁ (see Eq.(4.2)). We can conclude, that the analysis presented in
this section for slowly growing chains under shear flow are only valid within the interval

[t1, t2], where ¢ >> t, and ty < (y2/3) .

The same way, we can calculate the first stress difference. Here we only present the
result:
Gux — Gyy ~ N () (6.49)

Table 6.2 summarizes the time-dependence of the rheological properties of slowly growing

polymers.
Observables | Dependence on time | Dependence on N
(R ce) > ~ N°(t)
Ouy t2 ~ N2(t)
Oze — Oyy ta ~ Ni(t)

TABLE 6.2: The time-dependence of various rheological observables, calculated for
slowly growing chains.
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6.3 Simulation algorithm

In the discrete description of the Rouse model, the component-wise dynamical equation

of motion for the beads subjected to a steady shear flow reads:

&R, = —AR, + kR, + f. (6.50)
dR,=—AR, + f, (6.51)
(6.52)

We assume that the chain is free at both ends, therefore the Rouse matrix A is as given
in Eq.(2.13). We have simulated this system using Algorithm I described in Section
3.1.

In simulating polymer chains under flow, as mentioned in the previous section, one has
to be careful that the chain does not get overly stretched. Otherwise, the results are
nothing other than artefacts and are of no value in predicting the behaviour of real
polymers. For a growing chain, as we discussed in the previous section, sooner or later
the polymer gets overstretched. However, by choosing an appropriate value for x, one
can provide a time interval, within which the results are justified. In our simulations,
we found that x = 0.0005 avoids the overstretching regime if the chains are simulated

up to Nypax = 10* beads.

6.3.1 Modification of Algorithm II

As mentioned in that section, in cases, where the Cartesian components of the modes

are correlated, the Algorithm IT should be modified.

The transition probability for the conformation within the non-reacting interval (¢;,¢;+1),
is equivalent to the transition probability of the modes. To find this transition proba-
bility, due to the Gaussian nature of the modes, it is sufficient to calculate the first and
second moments of each mode. To this aim, we first make use of the fact that each mode
is independent from other modes. Therefore, the transition probability Prouse can be

written as the product of the transition probabilities corresponding to each mode:

Prouse (RM( i) | Ry, (t ) HP( (tir1)| X, (t+))

The shear flow in z direction couples the x and y components. The z component is

independent from the other components. Hence we can write the transition probability
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for the modes as:

p <X'p(tz'+1)!)?p(tf)> = P(Xp(tit1), Yp(tir1)| Xp(t5), Yo () X P(Zp(tis1)| Zp(t])),
(6.53)

where we introduced the Cartesian components of each mode as Xp (t) = (Xp(1), Yp(t), Zp(t)).
The calculation of the moments in the z direction is exactly the same as for a free chain.
To construct the probability distribution P(Xp(ti+1), Yp(tis1)| X, (), Yp(tF)) we need

to determine the mean vector:

. (Xp(tis1))
P = 6.54
g <Yp<ti+1>>] (o5
as well as the covariance matriz X
5 - [ (X3 (tis1)) <Xp<tz-+1m<ti+1>>] (6.55)
(Xp(tit1)Yp(ti1)) (X2(tir1))

Note that the averages in Eqgs.(6.54) and (6.55) are taken over the conditional probabil-
ity P(Xp(tit1), Yp(tiv1)|Xp(t), Yp(t)). By substituting the modes into the evolution

equation for ﬁ, one can write the evolution equation for the modes:

d
d
= Yp Hipy (6.57)

These equations are supplemented by the given initial conditions (X, (t;), Y, (t])). Av-

eraging Eqs(6.56) and (6.57) over the noise thermal noise, we can write:

(Yp(tiv1)) =Yp(ts)e=r™ (6.58)

tit1 / /
(Xp(tie1)) =Xp(ti)e "™ + / Y, (t3)emer @t | menlten—ay
t

i

=[Xp(ti) + KY)p(ti) ) e P (6.59)

with 7; = t;411 — t; the waiting time between two successive chemical reactions. Next we
try to determine Y;DQ (ti+1) We multiply both sides of Eq.(6.57) by 2Y,, and average over

noise to obtain the equation of motion for <Y;,2>:

C2) = 26,{V2) + 2, (6.60)
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To solve Eq.(6.60) we need to determine (Yp7n,,). In order to find this correlation, we

first write the short-time solution of Y),:
2 bt / /
Vo(tin) =Yoltiss = ) = Byltins 05+ [ ny(t)ar. (6.61)

ti+1—5

where § < 1. Then, we multiply both sides of this equation by 7,(t;+1) and average

over this noise:

(Mp(tis1)Yp(tivr)) =1 (6.62)

Substituting this correlation into Eq.(6.60):

d
a<Yp2> =2¢,(Y2) +2, (6.63)
we can find (Y;?):
() = -+ [0 - L] (6.64)

Now we are able to calculate (X, (ti+1)Yp(tiy1)). First, we multiply both sides of
Eq.(6.56) by Y, and Eq.(6.57) by X, to obtain

dy;

Xp dtp = —cpXpYp + Xplipy (6.65)
dX

Ypd—tp = —pXpYp + kY + Vollp o (6.66)

Then we add these two equations and average over the thermal noise to obtain the

equation of motion for (X,Y}):

d(XpYp)
dt’

= 26,0 4| () = D)) (6.67)

Cp Cp

This equation can be solved as:
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Finally, similar to what we have obtained for (Y,?) and (X,Y}), we can calculate (X2):

LQ + 1] e*ZCpTi

(X3t = | X300~ 55 +

+ 2K |:Xp(tz)}/p(tz) — ;:| Tite_QCpT

Cp
1 —2¢,T,
»
ML
202 o

We can now construct the two dimensional Gaussian probability distribution with the
help of /i, and ¥, and draw the random modes (X, (t;11), Y, (ti11)) from this probability.

These random modes can then transform back to the conformation RNl. (tiv1).

6.4 Coll - stretch transition

Figure 6.3a depicts the mean-squared end to end distances (R2,) of growing chains in
presence of flow as a function of chain length N. At the beginning, all chains start with
a random coil conformation, where the mean squared end to end distance scales as N (t)
for all chains. For each curve, there exist a transition point at a certain length N.(«),
beyond which the mean squared end to end distance scales faster than N. In this phase,
the polymers start to align to the flow. For o < 1/2, this quantity grows as N(t)3, which
is in accordance with our analytical result in Table 6.2. Increasing o beyond 1/2, the
mean squared end to end distance grows slower than N°. Another striking point is that
while in the slow polymerization regime the transition length N. does not depend upon

«, in the fast growth regime the N, increases with a.

Figure 6.3b illustrates the same quantity as a function of {. One immediately finds
that for fast growing polymers, the transition from coil to stretch tends to happen at a
te, which is independent of the growth exponent «. Also noticeable is that the mean-

squared end to end distance for all fast growing chains in the stretched phase scale as
25

This behavior is also observed for the first normal stress difference o4, —o0y,. Looking at
Figure 6.4a, for a < 0.5, again the results are in a good accordance with the analytical
calculations obtained in Section 6.2. For o > 1/2, the first normal stress difference grows
slower than the slowly polymerizing chains, which means that the conformation is more
symmetric in the xy plane. This result is quite consistent with the end to end distance

in the stretched regime shown in Figure 6.3a.
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FIGURE 6.3: (A) The mean-squared end to end distance of growing chains under a
steady shear flow as a function of chain length N. In the short time regime, all chains
have random coil conformations with (R2.) — N(t). As time proceeds they start to
stretch and the mean-squared end to end distance grows faster than N for all chains.
For growth with exponents o < 1/2, the transition from coil to stretch happens at
universal a cross-over length, which is independent of a and the mean-squared end to
end distance scales like N°. Beyond o« = 0.5, the cross-over length increases with a.
Increasing « beyond 0.5, the exponent of this power-law decreases with . (B) The
mean-squared end to end distance as a function of time ¢. For a > 1/2, (R2,) — /2
and the cross-over time from random coil to stretch approaches to a universal value
independent of «.
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FIGURE 6.4: (A) The first normal stress difference 0,4, — oy, of growing chains under
a steady shear flow as a function of chain length N. For o < 1/2, the first normal
stress difference grows as the power-law N4, independent of the growth exponent .
Beyond « = 1/2, the first normal stress difference grows slower than N* implying a
more symmetric shape in the x-y plane compared to the slowly growing chains. (B)
The same quantity as in (A) as a function of time ¢. For o > 1/2 the first normal
stress difference grows as 2.

To see how the first normal stress difference scales in the fast polymerization regime,
we sketch in Figure 6.4b this quantity with respect to ¢t. For a > 1/2, the first normal

stress difference, irrespective the value of a scales as t2.

Another interesting rheological property that we discussed in Section 6.1 is the shear

stress. Figure 6.5a depicts this quantity as a function of chain length, and in Figure



93

6.5b we sketched the same quantity as a function of time. For slowly growing chains the
shear stress scales as N2(t) which is in agreement with the result presented in Table 6.2.
According to Figure 6.5b, in the fast polymerization regime regardless of the growth

exponent, the shear stress grows almost linearly with time.

10*

o 10°

Nos

10° .
10° 10*

FIGURE 6.5: (A) Shear stress (viscosity) of growing chains under steady shear flow as
a function of chain length N. For a < 1/2, the shear stress grows as N2. Increasing «
from 1/2, a small deviation in the growth exponent of the shear rate can be observed.
(B) Shear stress as a function of time ¢. For a > 1/2 the shear stress grows like ¢
independent of «.

As we have seen from simulation results, one can observe an obvious transition in the
mechanical response of polymeric systems to an external shear flow by passing from
the slow to the fast polymerization regime. In the following, we try to explain this

rheological transition.

For a fixed-length polymer under steady shear flow, there are two competing external
perturbations acting on the chain. One is the thermal fluctuations, that try to equilibrate
the chain to the random coil conformation. The other is the force due to the flow field,
which stretches the chain. We have mentioned in Section 6.1, that the shear flow applies
a local drag over the time scale 7y = 1/, while thermal fluctuations coils the chain over
Tr. If the relaxation process is faster than drag due to the flow, the chain maintains
its coiled conformation. On the other hand, if the shear flow is strong enough, such
that 77 < 7g, the chain starts to stretch along the flow. This conformational transition
is called coil - stretch transition. Note that for fixed-length chains 7z is constant and
therefore the transition from random coil to stretch conformation arises only by tuning

K from small to large values.

For growing chains, in contrast fixed length chains, the time-scale of the coiling process
is time dependent. Recall that the dynamics of tension on the chain obeys the evolution
equation (6.15). Note that the dynamics of b, is that of the free chain and thus we
can make use of the results of Chapter 4. In particular, there are two sources of b,

fluctuations namely thermal fluctuations and fluctuations due to growth. It is these
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fluctuations which enter the equation for b, and drive the tension due to the shear
flow. Whereas the thermal fluctuations may appear everywhere along the chain, the
b, fluctuations due to growth are located at the tip. These latter fluctuations act as a
localized source of tension for the b, and to stretch the whole chain this tension has to
propagate along the chain diffusively. Thus the slowest process complete stretching is ¢1/2
spreading of tension for a > 1/2 and the time-scale corresponding to this propagation
along this comportment of the chain is indeed ¢. For o < 1/2 the b, fluctuations are

dominated by thermal fluctuations which acts over the time scale Tg(t) ~ N2(t).

Because the coiling timescales for both of these mechanisms grows with time, even
for a weak shear flow, the transition from the random coil to stretch conformation is
inevitable for both slow and fast growth regimes. This is confirmed from Figure 6.3b.
We can compare the timescale of the flow and this timescale by defining the ratio of

these two as the Weissenberg number[74] :

Wi coiling timescale’ (6.68)
Tf

and the coil - stretch transition happens as Wi ~ 1. For slowly growing chains, the
coiling timescale depends only on the chain length N(t). The transition length N, can

be obtained as:
1

ﬁ?

which is independent of the growth exponent «. Because the tension propagates along

N, = (6.69)

the whole chain, the dynamics of stretching behaves like in a fixed chain of length N ()
(see Table 6.2). Figure 6.6 depicts snapshots of the growing polymers under a steady
shear flow. These snapshots are captured once the chain lengths reached N = 2000
monomers and N = 5000 monomers. In the short-time regime (N = 2000), all polymers
have a coiled conformation. In the later time (N = 5000), all slowly growing chains
become stretched, while those in the fast polymerization regime still preserve their coil

conformation.

On the other hand, for fast growing chains, transition should take place at:

1

a transition time which is independent of «. In this case, the length, over which the
localized tension at the tip propagates, scales as t1/2 and hence in the stretching process,
the chain behaves as a fixed length polymer of length t'/2. Table 6.3 summarizes our
hypothesis about growing chains in the fast growth regime, which are in accordance with

the simulation results illustrated in Figures 6.3 to 6.5.
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FIGURE 6.6: Snapshots from different chains growing with different growth exponents
under a steady shear flow with the shear rate K = 0.0005. These snapshots have been
captured in an early growth stage (N = 2000) and at a later time (N = 5000 beads).
In the early stage, all chains have random coil conformation. In the late growth stage,
the slowly growing chains with a < 1/2 become stretched in the flow field. The fast
growing chains with « > 1/2, preserve almost the coil conformation.

Observables | Dependence on time | Dependence on N
(R2..) ~t3 N
Ozy t N B
2 2
O—mx - Uyy t NOé

TABLE 6.3: The time-dependence of various rheological observables, calculated for

fast growing chains



Chapter 7

Summary and Conclusion

In this thesis we studied the conformational dynamics of polymers, undergoing irre-
versible chain growth polymerization reactions. We discussed that the coupling between
both aspects of the polymer dynamics, namely the evolution of the polymer chain and
the conformational dynamics of the polymer is particularly important if the reaction

timescale is comparable to the polymer relaxation timescale.

In Section 2.1, we first introduced the well-studied Rouse model for polymers of fixed
length. Next in Section 2.4 the polymerization reaction has been described by a Marko-
vian stochastic process. Finally in Section 2.5 we extended the Rouse model to situa-
tions of ongoing chain growth. Neglecting the impact of the polymer conformation on
the growth, we presented discrete model for the conformational dynamics of growing
chains (see Section 2.5.2). The continuous version of the model has been presented in
Section 2.5.3. We neglected the chemical noise corresponding to the stochastic nature
of the chemical reaction and considered the chain length to grow as a pure power-law
N(t) = ~t®. The evolution equation of the conformation of the growing chain has then

been formulated as a moving boundary value problem (see Eqgs. (2.105) and (2.106)).

Based on the Brownian dynamics simulation method, in Section 3.1 we have set up
a new numerical algorithm to generate conformational trajectories of growing Rouse
chains. The advantage of this algorithm compared to explicit integration schemes such
as Euler method has been discussed in Sections 3.1.2 and 3.1.3. Next, in Section 3.2, we
introduced a collection of analytical tools required to analyse solutions of the moving

boundary value problem.

In Chapter 4, we discussed the behaviour of a growing polymer, which is free at both
ends. We identified two growth regimes, 0 < o < 1/2 (slow growth) and 1/2 < «
(fast growth) separated at o = 1/2 (balanced growth). We discussed, that growing

96
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chains exhibit qualitatively different conformational properties, depending on the growth
regime. Slowly growing polymers show stretched exponential relaxation (see Figure 4.1)

and sub-diffusive center of mass motion with (B2, (t)) ~ ¢!=®. In contrast, in the fast

com
growth regime, the chains never relax to the quasi-steady state. For the center of mass
in this regime, we derived (B2, (t)) ~ t*, which is sub-diffusive for 1/2 < o < 1 and
super-diffusive for aw > 1 (Figure 4.3 left panel). We have also observed transitions in the
segmental motion of growing chains by passing from the slow to the fast growth regime
(see Figures 4.2 and 4.3 right panel). In Section 4.5, we gave a simple explanation to
understand the basic physical mechanism of these transitions: A racing duel between
the tension propagation and the polymer growth. While any disturbance on an existing
monomer propagates diffusively as t1/2 along the chain, the tip point keeps distance
from the disturbed point as t®. For av < 1/2, we thus expect that the propagating front
reaches the growing end, while for > 1/2 it does not. In fact, in the fast polymerization

regime, the tip point is causally disconnected from the existing monomers in the chain

(see Figure 4.4).

In Chapter 5, we further studied the tension propagation mechanism along growing
chains by considering a growing polymer dragged from its non-growing end. In the slow
polymerization regime, the disturbance due to the external force spreads along the whole
chain, even for longest times. In contrast in the fast growth regime, polymer growth is
faster than the propagation of tension and an increasing fraction of the bonds remains
force free. As a consequence, at o = 1/2, we observed transitions in the scaling of the
internal distances of the chain (see Table 5.1). Apart from transitions at a = 1/2, Figure
5.8 pinpoints another dynamical transition at a = 1 in the behaviour of the center of
mass: For @ > 1, we observed a sudden stoppage in the average position of the center

of mass.

The rheology of polymeric fluids consisting of growing chains was considered in Chapter
6. Using the perturbation method explained in Section 3.2.3, important rheological
properties of slowly growing chains have been calculated. From the numerical results,
we found that the coil-stretch transition for all growing chains is inevitable. However,
this transition is characterized differently in different growth regimes. While for o < 1/2,
the transition happens at a universal cross-over length N, (see Figure 6.3a), in the fast
growth regime, the coil-stretch transition point is located at a universal time ¢, (Figure
6.3b). In addition to that, we found that the rheological properties such as viscosity,
obey a different scaling dependent on the polymerization regime. These transitions have
been attributed to the origin of the coiling, which competes the stretching due to the
flow. Whereas in the slow regime the dominant process which coils the chain is thermal
fluctuations, in the fast growth regime the newly produced coils at the tip of the chain

due to the growth are responsible for the overall conformation of the chain.
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In conclusion, we have shown that the coupling of the simplest chain dynamics with the
simplest growth reactions leads to rich and new behaviour, which can be understood
from a simple physical mechanism. This argument is expected to be transferable to
more complicated chain models. For instance, for stiff or semi-flexible polymers, the
tension propagation evolves sub-diffusively as t}/4 for longest times and t!/® for shorter

times|[75, 76], and therefore we expect to observe transitions at o = 1/4 and o = 1/8.

The model we introduced in this thesis can easily be applied to other scenarios, such as
a growing chain fixed in space at one or both ends or the dynamics of growing polymer
rings. It can also be applied to shrinking chains, which provides an alternative starting

point to the problem of translocation of a polymer chain through a nanopore[70, 71].
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Appendix A

First Correction for the Regular

Perturbation Method

In this appendix, we present the first order solution to the perturbation problem given
in Eq.(4.3). For simplicity, we consider that the chain is clamped at both ends, therefore

the boundary condition for this problem reads:

R(0,7) =0 (A1)
R(1,7)=0 (A.2)
An interested reader may work out different observables calculated in presence of the
noise, and compare the corrections terms. Here, however, we neglect the noise and

compute the average of the conformation over the thermal noise. Therefore the main

equation of motion reads:
0-(R) = 9%(R) + 0, In(N)od,(R) (A.3)

which is an homogeneous partial differential equation. If we had the noise term present
in the system, the transformation given in Eq.(4.6) could be helpful. Here we do not

need such transformation.

As we see in Eq.(A.3), from the method of dominant balances, for o < 0.5, we can split

the main operator as £ = £ + F in the following form:

Eor = 0y — 02 (A.4)
For = 0rIn(N)od, (A.5)
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To simplify our calculations, let us take the following initial condition for the conforma-
tion:

(R(0,70)) = sin(n0)é, (A.6)
The zeroth order perturbation solution reads:

—

1
Ry(o, 7’):/0 doG(o, 7|0, ) sin(mo’) (A.7)

where the Green’s function for the diffusion equation with Dirichlet boundary condition

is given in Section 2.3.3. Plugging this Green’s function leads to:

2

Ry = sin(ro)e™™ 7é, (A.8)
Now we try to calculate the first correction. According to Eq.(3.33), we can write:
— T 1 —
R, = —/ dT// do'G(o, 7|0, ") Fpr 71 Ro(c’, 7) (A.9)
T0 0

Note that:
For mRo(o’,7') = e ™o In(N)om cos(mo)éy (A.10)

We can substitute this relation into Eq.(A.9) and integrate over ¢’ to obtain:

— _]- p . —(pm)7T T ™ —1)7’
R, = Z ]()2 )1 sin(pro)e” P7) /0 O In(N)e B A P (A.11)
P T

The integral can be approximated using the method explained in Section 6.2. Finally,

we will have:

Ry~ 0-In(N)e ™7 (A.12)

which means that:
ﬁl ~ t2a71é0 (A.13)

As we see, for a < 0.5, in the long time regime, B; = o(Ry), which means that our guess

for determining the controlling operator was consistent.



Appendix B

A useful transformation

In this appendix, we introduce a useful transformation that can be utilized in solving
diffusion-drift equations. In particular, we apply this transformation to the dynamical
equation:

oY (x,t) = c(t)02Y (x,t) + d(t)x0,Y + W(x,1t). (B.1)

As we see, the differential operator above is very similar to that of our original drift-
diffusion equation, which is given in Eq.(3.22), apart from the time dependent coeffi-
cients, which here, we have chosen them as arbitrary functions of time. Let us introduce

the new variable y(x,t) as:

Y(x,t) =h(x,t)y(x,t) (B.2)

where h(z,t) has the following form:
h(z,t) = s(t)et®*’ (B.4)

To transform Y — y in Eq.(B.1), the following relations are required:

Och(x,t) = 8ti(t) + Ora(t)z?| h(z,t) (B.5)
Ogh(z,t) = 20a(t)h(x,t) (B.6)
O2h(x,t) = [2a(t) + 40%a*(t)] h(z, ) (B.7)
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Now we can substitute these relations into Eq.(B.1) to obtain:

8t8(t)
2a(t)c(t) — B.
aft)elt) - 75 (13.9)
+ [4&2(15)0(25) + 2a(t)d(t) — dya(t)] z2y (B.10)
+ [da(t)c(t) + d(t)] 20y (B.11)
+ ¢(t)d%y (B.12)
+ Y(z,t) (B.13)
Now we can determine a(t), such that the convection term drops:
d(t)
=— B.14
) =~ 4o (B.14)
We can simplify even one step further by specifying s(t):
1 t
s(t) = exp [—/ d(t')dt'} (B.15)
2 Ji,
Consequently, the drift-diffusion equation converts to:
d(t) d
2 2
— Z) = 1
Oy = c(t)0zy + 1e(t) [(% In <C> d} Yy + (B.16)

As we see, the drift-diffusion Eq.(B.1) is now changed into a diffusion equation with
an extra diagonal term. If one succeeds to find the Green’s function G(x,t|z’,t') of the
operator given in Eq.(B.16), then writing the Green’s function of the original equation
(B.1) is not a big deal:

Gz, t|' t") = hz, t)G(x, t|z’, ') [h(z, )] (B.17)

and therefore the solution can simply be expressed in terms of integrations over this

Green’s function. Let us plug the coefficients of Eq.(3.20):

1
0= N
at) ="

1
s(t) = \/—N
alt) = -
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and therefore:

fc% [at In <Ccl> _ d] _ N4N (B.18)

If we consider a power-law growth N(t) = ~t®, then for two cases, Eq.(B.16) simpli-
fies: 1) For the balanced polymerization regime, where o = 0.5, the coefficient of the
diagonal operator scales as N2 and therefore applying the time transformation given
in Eq.(3.21), the time dependence of all coefficients drop out. 2) for a = 1, where the
diagonal term vanishes and we are left with a simple diffusion equation. In the next two
sections, we will propose an exact solution for these two cases. Before that, one thing
still remains to be done, namely the transformation of the boundary condition. Note the
dependence of the transformation factor h(z,t) introduced above on x. Suppose that

0 < a <[ .This dependence can change the nature of the boundary condition as follows:
e Dirichlet boundary condition: We have Y (x,t) = h(x,t)y(x,t). therefore:

Y=0 =g _ Jyl=01 =08 g (B.19)

Y(z=101t) =al) yw=1t) =[] gl

e von Neumann boundary condition: We have % = %y(w,t) + h@?ﬂ%'
therefore:
oy _ oh 0,t) + h(0,t) 2 = go(t
9z | 2—0 go(t) _ ] Ozla=0 y(0,2) + h(0, )6390 =0 90(?) (B.20)
Gl =2 Floy@)+hl g =)

¢ Robin boundary condition: the same procedure as shown above.

Taking a closer look at the transformation of boundary conditions, one immediately
see that the von Neumann boundary condition transforms to a Robin boundary con-
dition with time-dependent coefficients. Unfortunately, treating Robin boundary value
problems are much more difficult than von Neumann problems, even if the boundary is
fixed[77]. However, remember that, we convert a von Neumann problem to a Dirichlet
problem by differentiating both sides of the evolution equation supplemented by von
Neumann boundary conditions. Rather than working with Y (x,t) which is subjected
to a boundary condition of second type, we can investigate the dynamics of 0,Y, which
is subjected to the Dirichlet boundary condition. The big gain is that the Dirichlet

boundary condition remains Dirichlet after this transformation.

In the next sections of this chapter we propose solutions to equations subjected to this
kind of boundary condition, for « = 0.5 and « = 1. Because such a solution settles the

bond-dynamics of a free chain, which is of importance in our study (see Chapters 5 and
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6), we represent the dynamical variable by b. In particular, we want to find solutions of

the equation:
d:b = 026+ (NN)odyb + U (0, 7) (B.21)

with the homogeneous boundary condition:

b(0,7) =0 (B.22)
b(1,7) =0. (B.23)
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