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1 Introduction to Computer Simulations
1.1 Objective of computer simulations
Computer simulations are performed in order to obtain a molecular insight of the underlying
interactions governing the macroscopic properties of complex systems. Computer simulations
are sometimes referred to as computer experiments since they serve as a complement to
conventional experiments, enabling to explore and examine properties which cannot be
accessed experimentally due to complexity and high cost or due to the fact that experiment
could be impossible to be performed in the lab (e.g., utilization of extreme temperatures or
pressures). Consequently, computer simulations are often used to provide solutions to
problems and answer to questions that cannot be satisfactory explained by theory and
experiment alone.
According to Allen (2004), computer simulations act as a bridge between microscopic length
and time scales and the macroscopic world of the laboratory. This can be seen from figure 1-1
which shows how computational simulations could provide a link between microscopic and
macroscopic properties as well as a link between theory and experiment. Computational
simulations are used by both scientists and engineers as an assisting tool to verify and/or
predict experimental observations as well as test and/or tune theoretical models.

Figure 1-1. Simulations as a bridge between (a) microscopic and macroscopic; (b) theory and experiment (Allen, 2004)

The two main families of simulation techniques are:
•

Molecular Dynamics (MD)
1
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•

Monte Carlo (MC)

As shown from figure 1-2, which is adopted by Haile (1992), the simulation plays two distinct
roles in scientific investigation. At a higher level, simulation could be an alternative to
reductionism and at a lower level simulation could be used as a tool in reductionism.

Figure 1-2. Hierarchy of scientific modes of investigation (Haile, 1992)

Figure 1-3, adopted by Gray and Gubbins (1984), implies (with the argument presented
above) where a simulation could be used as a tool in reductionism. The idea to be extracted
from this section is that computer simulations offer more instructive possibilities if they are
used as an alternative to reductionism rather than as merely as a ‘servant’ to reductionism.

Figure 1-3. Conventional representation of the interplay among theory, experiment and computer simulation (Gray
and Gubbins, 1984)

2
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1.2 Molecular simulations (time and length scales)
Molecular simulations have played an important role in elucidating detailed structural and
dynamic events associated with a given microstructure. Rai (2012) has stated that molecular
simulations have become a necessary tool in understanding of various systems ranging from
simple monoatomic fluids to more complex fluids made up of polymers, surfactants, and
proteins.
Molecular simulations consist of the early Monte Carlo (MC) (Metropolis, 1953) and
molecular dynamics (MD) (Alder and Wainwright, 1957) methods. Both have initially been
used for simulating hard sphere systems and later for soft sphere fluids (Rahman 1964; Wood
and Parker, 1957). Simulation techniques have advanced significantly and today a variety of
techniques are available for examining, thermodynamic, structural and dynamic properties.
Figure 1-4 shows schematically the various simulation methods and the corresponding length
and time scales typically accessible to each method (Rai, 2012). Quantum methods include
density functional, ab initio and Carr-Parinello molecular dynamics. Atomistic methods
include molecular dynamics and Monte Carlo simulations. Mesoscale methods include
coarse-grained molecular dynamics, dissipative particle dynamics, Brownian dynamics, and
lattice Boltzmann simulations. Continuum methods involve simulation of heat, mass, and
momentum transport equations using a variety of numerical methods such as the finite
element and finite difference methods. Methods such as coarse-grained molecular dynamics
include the overlap region between atomistic and mesoscale simulations, while dissipative
particle dynamics and lattice Boltzmann methods include the overlap between mesoscale and
continuum regimes.

Figure 1-4.Schematic representation of the various simulation methods and the corresponding length and time scales
typically accessible to each method (Rai, 2012)
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1.3 Models for molecular simulations
According to Haile (1992), the model which is precisely defined by a computer simulation is
actually a composite of two:
1. Model for molecular interactions
2. Model for interactions between molecules and their environment
In regard to the first model, molecular interactions are described by an intermolecular force
law or, equivalently, by an intermolecular potential energy function. It is worth mentioning
that in most simulations the intermolecular potential energy is taken to be a sum of isolated
pair interactions; this assumption is called pairwise additivity and is presented by the
= ++ (
,

)

Equation 1-1

following expression:
Once the potential function is specified, the symmetry of the molecules (whether are rigid or
flexible) could be determined, since the potential function describes the geometric shapes of
individual molecules or, precisely, their electron clouds (Frenkel and Smit, 2001).
Since no dissipative forces act among molecules, intermolecular forces are conservative, and
therefore the force on molecule i is related to the corresponding potential function. This

F =−
relationship is presented below:

/

(r ) )
/r

Equation 1-2

r ) = 0r , r , r1 , … , r) 3

where the notation rN represents the set of vectors that locate the atomic centers of mass,
And when the values for the set r ) are established, a configuration of system could be said it
is defined.

In regard to the second part, the model describes how the molecules interact with their
surroundings within boundary conditions. Haile (1992) has stated that the characteristics of
the boundary conditions are largely dictated by the details of the physical problem to be
4
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simulated. For instance, if a bulk fluid is to be simulated, hard boundaries should be avoided,
and if non uniform regions such as fluid-fluid or fluid-solid interfaces are to be simulated,
then boundary conditions in the simulations need to mimic the actual ones (Haile, 1992).
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1.4 Stochastic vs Deterministic simulation technique
In general, a molecular-scale simulation consists of three principal steps (Haile, 1992):
1. construction of a model
2. calculation of molecular trajectories
3. analysis of those trajectories to obtain property values
Obviously, the second step is the one which constitutes the simulation. Figure 1-5 indicates
the relative degree of determinism in various molecular simulation methods as adopted by
Haile (1992).

Figure 1-5. Relative degree of determinism in various molecular simulation methods (Haile, 1992)

In MD the positions of the atoms (system) that evolve in time (dynamic system) are obtained
by numerically solving differential equations of motion. Therefore, the computed positions
reveal how the system behaves over time. In contrast, other simulation methods such as MC
give the positions of the atoms stochastically (see section 1.4.1). As can be seen from figure
1-5, still other simulation methods exist which involve some stochastic features, as in MC,
and some deterministic features, as in MD (Haile, 1992).
1.4.1

Monte Carlo (MC)

In a MC simulation many microscopic states are sampled using the generation of random
numbers. Averages are then calculated over these states (Kotelyanskii and Theodorou, 2004).
The MC simulations provide purely a stochastic approach to the task of generating a set of
representative configurations. Newman and Barkema (1999) have stated that the advantage of
this technique relies on the fact that only a small fraction of these states are required in order
to get accurate estimates of physical quantities. In addition, the potential energy is only used
in stepping through configurations (no forces need to be evaluated) therefore making MC
simulation, in overall, an attractive technique (Adcock and McCammon, 2006).

6
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MC is widely used to calculate static averages such as thermodynamic and structural
equilibrium properties which are independent of the dynamics of the systems (Meller, 2001).
According to Adcock and McCammon (2006), the main disadvantage of conventional MC
methods is the fact that are inefficient for exploring the configurational space of large
biomolecules when compared to MD and they give no information about the time evolution of
structural events.
In respect to Haile (1992), MC simulation is typically performed on a fixed number of
molecules N placed in a fixed volume V and maintained at a constant absolute temperature T.
This argument has been also supported by Frenkel and Smit (2001).
Haile (1992) has outlined the principal steps of the Metropolis MC method. Those steps are
shown below in a numerical order:
1. Initial positions are assigned to the N molecules and the total potential energy (see eq.
1-3) is computed.
2. A new configuration is hypothesized by arbitrarily choosing one molecule and
proposing that it will be moved from r through a randomly chosen distance and
direction to a new position r/. The total potential energy,
new configuration. If
∆

4

<

=

4

4

, is then computed for the

then the move is accepted, if
−

4

move is accepted with probability proportional to the factor exp(−:∆

>

then the

Equation 1-3
), where:

If the proposed move is decided to be rejected, then the old configuration is counted as
the new one and the process using some other arbitrarily chose molecule is repeated.
It is worth mentioning that the Metropolis MC has been proposed in several variations such as
the force-biased biased MC technique (see figure 1-5). Pangali et al. (1978) have stated that
the movement of a molecule is no longer completely random in the case of the force-biased
MC technique; rather its direction is taken to be that of the force exerted on the molecule by
all other molecules. According to Beveridge (1983), such a procedure reduces the number of
configurations but increases the amount of computations per configuration.
1.4.2

Molecular Dynamics (MD)

Mavrantzas and Harmandaris (2004) have reported that MD is a powerful technique for
computing the equilibrium and dynamical properties of classical many-body systems. In
7
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simple terms, MD is a computational method that simulates the motion of a system of
particles and which results to the prediction of a dynamic system of interacting particles
(atoms, molecules, granules, etc.).
As stated by Rapaport (1995), the goal of an MD simulation is to predict macroscopic
properties such as pressure, energy, heat capacities, etc. from the microscopic properties
including atomic positions and velocities generated by MD simulations.
The MD technique can be distinguished in two versions, classical and ab initio, the former for
treating atoms as classical entities (position and momentum) and the latter for treating
separately the electronic and ionic degrees of freedom, where a wavefunction description is
used for the electrons (Cai et al., 2010). Mavrantzas and Harmandaris (2004) have stated that
the description of a physical system with the classical equations of motion, rather than
quantum mechanically, is a satisfactory approximation as far as the spacing hv between
successive energy levels of the system simulated satisfies the following relationship:

where ℎ is Planck’s constant,

ℎ <

=

the energy spacing in wavenumbers and

Boltzmann’s

constant.

In general, there are three stages in an MD simulation:
1. Preparation of the input state (initial atomic positions and initial atomic velocities)
2. Integration of the equations of motion (the actual MD run)
3. Analysis of the result (post-processing)
The MD Algorithm – The technique of MD is based on the integration of Newton’s
equations of motion which provide information regarding the positions and velocities of the
particles at all subsequent times t starting from time t = 0. The basic parts of the MD
simulation are presented schematically in figure 1-6 and can be summarized in the following
steps:
1. Construction of the initial configuration that represents the studied system
2. Insertion of the configuration in the simulation box
3. Minimization of the potential energy
4. Set and assign particle positions and velocities
5. Calculation of the total force on each particle due to bonded and non-bonded interactions

8
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6. Integration of Newton’s equations of motion for each particle in order to obtain the new
positions and velocities of each particle
7. Storage of necessary information such as positions, velocities and other useful properties
8. If system has reached pre-set time steps then data are stored and analysed, otherwise
9. Steps from 5 to 7 are repeated until the system has reached the pre-set time steps.
Two different representations of the system can be adopted (especially for macromolecules):
•

Atomistic representation

•

Coarse-grained representation

These are applied/used in order to construct and define the initial configuration of the system
(initial positions and velocities). In the case of coarse-grained methods, Rudd (2004) has
reported that these methods represent molecular chains as simpler, bead-spring models
(atomistic units are grouped together) thereby dramatically reducing the computational cost,
whereas atomistic models provide a detailed picture of the atomistic model.
The atomistic models are further classified in two types:
The united atom (UA) model where light atoms such as hydrogens are neglected
The explicit- or all- atom (EA or AA) model where all atoms, including hydorgens
(Goddard et al., 2012), are considered as single interaction centres.
The EA model is used when a detailed picture of the structure of the system to be simulated is
required while the UA model is used in order to reduce the computational time, since the
dynamics of the EA is slower than that of the UA model (Goddard et al., 2012).
In the case of the classical MD simulation, the classical equation of motions (see eq. 1-2) are
used in order to calculate the force acting on the particles. As it can be seen from eq. 1-2, the
force is directly related to the potential energy which is determined by intramolecular
(bonded) and intermolecular (non-bonded) interactions. In the following, the potentials which
are utilized in order to calculate intermolecular and intramolecular interactions are illustrated:
Intermolecular (non-bonded) interaction potentials – The Lennard-Jones potential,

>?

, is

the most commonly form used to describe interatomic (non-bonded) interactions between
atoms (Allen, 2004).
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>?

where

( ) = 4 IJ K

L

−J K M

denotes the potential well depth,

potential is zero, and

Equation 1-4

is the finite distance at which the inter-particle

is the distance between atoms.

If electrostatic charges are present such as in polyelectrolyte simulations, then the form of the

@ABCADE

Coulomb potential,
where
charge 2,

@ABCADE

( )=

4N

Equation 1-5

, is considered as shown below (Allen, 2004):

is the electric point-charge carried by charge 1,
the distance between the two charges, and

the electric charge carried by
the electric permittivity of space.

Intramolecular (bonded) interaction potentials – The simplest molecular model includes

O" FPQ O

=
+

+

1
+
2

EATUV

1
+
2

EXTU
YTZCXV

1
+ +
2
bAcVdAT "
YTZCXV

(

−
(

,"

FG )

−

Equation 1-6
(a)

FG )

(b)

[1 + cos[_

− `" aa

(c)

terms of the following kind (Allen, 2004):
Where

is the distance between two bonded atoms,

FG

the reference distance,

FG

stretching constant,

the angle between three atoms,

bending constant,

the rotational angle (degrees), and

the reference angle,
,"

the bond
the bond

the proper torsional constant.

The four types of bonded interactions are presented in figure 2-4.
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Figure 1-6. Representation of bonded interactions. (a) Bond stretching. (b) Bond bending. (c) Dihedral angle. (d)
Improper dihedral angle.

Different types of algorithms exist which can be utilised in order to integrate the equations of
motion when performing an MD simulation. The following criteria are the ones which must
be put into consideration for the selection of the best suitable integration algorithm (Becker
and Karplus, 2006):
i.

Accuracy for large time steps

ii.

Conservation of energy

iii.

Consideration of integration error

iv.

Time reversibility

v.

Area preservation

Commonly used integrations are outlined below (Becker and Karplus, 2006):
•

Verlet

•

Velocity Verlet

•

Predictor-Corrector

•

Gear Predictor-Corrector

Gear predictor-corrector and Verlet algorithms are among the integration algorithms which
satisfy best the aforementioned criteria.

11
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Figure 1-7. Flow chart of MD simulation (Frenkel and Smit, 2001)

1.4.3

Monte Carlo vs Molecular Dynamics

In general, MC is usually easier to code in a high-level language such as Fortran than MD,
and is also easier to implement for systems in which it is difficult to extract the intermolecular
force law from the potential function (Haile, 1992). For the determination of simple
equilibrium properties such as the pressure in atomic fluids, both MC and MD methods are
equally effective. However, the MD method evaluates efficiently properties such as heat
12
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capacities, compressibilities, and interfacial properties (Frenkel and Smit, 2001). Transport
coefficients as well as time functions are some of the dynamic quantities which MD could
also provide, whereas MC cannot generally be used to obtain such quantities. Lastly, the
deterministic way which the MD uses to generate trajectories offers computational advantages
over MC, such as the estimation of the length needed for a simulation run, due to the presence
of an explicit time variable (Haile, 1992).

13
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2 Case Study: Simulation of complex coacervation
phenomenon
We have decided to use as a case study an experimental system provided by Priftis et al.
(2013). Priftis et al. (2013) have investigated experimentally the phenomenon of complex
coacervation of two systems in aqueous solution:
1. Branched poly(ethylene-imine) (brPEI) with linear poly(D,L-glutamic acid) (PGlu)
2. Branched poly(ethylene-imine) (brPEI) with linear poly(D,L-aspartic acid) (PAsp)
The main goal of ESR 10 in this Deliverable was to simulate both systems by performing an
explicit or all-atom MD simulation under similar conditions utilised in the experiment, and
then validate the results to be obtained from the simulations with the ones obtained by Priftis
et al. (2013) in the laboratory. In a second stage, we would like to use MC to study the same
system.

2.1

Background

Materials used in the experiment – Priftis et al. (2013) have reported that dense aqueous
solutions of branched PEI, which are used as the polycation in their study, with average
molecular weights (Mn) 60k, 10k, and 2k were purchased from Sigma-Aldrich. Linear PGlu
and linear PAsp, which were used as the polyanion in the experiment, were purchased from
Alamanda Polymers Inc.
The molecular characteristics of the oppositely charged polypeptides, as adopted from
Priftis’s et al. study, are presented in table 2-1.
Table 2-1. Molecular Characteristics of oppositely charged polypeptides used in Priftis' study (2013)

Sample

Molecular weight
(Mn) g mol

-1

Polydispersity

Degree of

(Mw/Mn)

polymerization (N)

PAsp200

26,700

1.24

195

PGlu400

59,000

1.06

391

PGlu200

29,900

1.22

198

PGlu100

15,900

1.01

105

PGlu30

4,000

1.07

25

PEI1400

60,000

-

1395

PEI200

10,000

-

232

PEI40

2,000

-

46
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Preparation of the mixtures – Coacervation was achieved by mixing polycation and polyanion
aqueous solutions with NaCl solutions. What is important to highlight is that the pH was
adjusted to 7.0 (at physiological conditions) by adding small amounts of either NaOH or HCl
to the stock and solutions. In addition, final mixtures of different polyanion/polycation
(having similar degrees of polymerization) mixing ratios (from 1/9 to 9/1 w/w) and various
total polyelectrolyte concentrations (0.01-0.2 wt%) were prepared. Lastly, all complex
coacervates were studied at room temperature (25℃).
Techniques implemented to study complex coacervation – Turbidity, optical microscopy
rheology, isothermal titration calorimetry (ITC) are the techniques used for studying complex
coacervation. Optical microscopy is used in order to obtain physical images of the coacervate
phase before and after coalescence of coacervate droplets in order to determine the polymer
concentration in the coacervate phase. Rheology is used in order to obtain information
regarding the properties of the coacervate phases, such as viscosity, in order to determine the
storage modulus (G/) and loss modulus (G//). Isothermal Titration Calorimetry (ITC) is used to
characterize the thermodynamics of the complex coacervation taking place when polycation
and polyanion solutions are mixed. Turbidity is used in order to examine the extent of PEC
formation. As it is reported by Priftis et al. (2013), turbidity is not a quantitative measure of
the amount of coacervate; however, the changes in the light transmission which depend on the
size and on the composition of the formed complex give us an estimate of the extent of PEC
formation. Therefore, high turbidity measurements correspond to high PEC formation.
Turbidity is measured in absorption units (a.u.).
2.1.1

Results and Observations

It is worth summarizing the results obtained by Priftis et al. (2013) since those results will be
used as reference in our case for validating the correctness of our simulation system.
Effect of polyanion/polycation ratio on salt-free systems
The effect of polyacid/polybase ratio on PEC formation in salt-free systems was examined
experimentally via turbidity measurements. This can be seen from figure 2-1 which indicates
that the maximum PEC formation is occurred when a 31:69 mol% acid:base ratio is used
regardless of the total polymer concentration or molecular weight of the polyelectrolytes. As
can be seen, the complex formation increases as the chain length of the oppositely charged
polymers increases.
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Figure 2-1. Turbidity of PEI/PGlu mixtures as a function of polycation (PEI) content (wt% and mol%).
Polyelectrolyte mixtures are shown with different polymer chain length @ polymer concentration 0.1 wt% and pH 7.0

Effect of ionic strength (salt concentration) on complex formation
The effect of ionic strength on PEC formation was studied for both PEI/PGlu and PEI/PAsp
mixtures via turbidity measurements, by increasing salt concentration of the solution. This can
be seen from figure 2-2. As it can be observed, turbidity appears to increase as the salt
concentration increases from 0 to around 80mM. However, as the salt concentration increases
from 80 to around 1200 mM of NaCl complex formation decreases. According to Priftis et al.
(2013), as the salt concentration increases the screening effects of salt on the polyelectrolyte
charges increases and this hinders/limits the intermolecular electrostatic interaction resulting
in the reduction of complex formation.

Figure 2-2. Turbidity measurements for both PEI/PGlu and PEI/PAsp mixtures as a function of salt concentration
Effect
of totalratio
polymer
concentration
on concentration
complex formation
(mM) (acid:base
31:69 mol%
; total polymer
0.1 wt%; molecular weight MnPEI = 10,000)
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The effect of salt on the PEC formation was investigated for three PEI/PAsp systems with
different total polymer concentrations (0.2, 0.1, and 0.02 wt%). This can be seen from figure
2-3. As it can be seen, the turbidity measurements and therefore the complex formation
increases as the total polymer concentration in the prepared mixture increases.

Figure 2-3. Turbidity of PEI/PAsp mixtures as a function of salt concentration at three different polymer
concentrations (acid:base ratio 23:77 mol%; pH 7.0; salt concentration, CNaCl = 200 mM; molecular weight Mn(PEI) =
10,000)

Overall, the main conclusions/observations made by Priftis et al.(2013) are:
•

PEC formation increases as the chain length of the oppositely charged polymers
increases

•

PEC formation decreases as the salt concentration of the prepared mixture increases

•

PEC formation increases as the total polymer in the prepared mixture increases

2.1.2

Coacervation

According to Gaonkar et al. (2014), coacervation is a technique that produces encapsulates by
electrostatically driven liquid-liquid phase separation of hydrocolloids from an initial solvent.
Priftis and Tirrell (2012) have stated that the term ‘coacervate’ sometimes refer to spherical
aggregates of colloidal droplets held together by hydrophobic forces. The driving forces that
cause separation include temperature changes, pH modifications, or addition of other reagent
having a preferential affinity to the solvent over the colloidal material (Versic, 1988; Lakkis,
2008).
As can be seen from figure 2-4, obtained by Ezhilarasi et al. (2013), the coacervate technique
could produce capsules in the range of nanometers.
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Figure 2-4. Top-down and bottom-up approaches in nanoencapsulation (Ezhilarasi et al., 2013)

Complex coacervation refers to the liquid-liquid phase separation that results when solutions
of two oppositely charged macro-ions are mixed, resulting in the formation of a dense macroion rich phase (Kizilay, 2011). As can be seen from figure 2-5, Priftis et al. (2013) have
illustrated schematically complex coacervation by combination of poly(allylamine) (PAH) or
branched poly(ehylenimine) (PEI) with poly(acrylic acid) (PAA) and poly(N,Ndimethylaminoethyl methacrylate) (PDMAEMA).
The importance of complex coacervation is evident in several applications, from processed
food to cosmetics as well as in microencapsulation (Bhatia et al., 2005; Philipp et al., 1989;
Schmitt et al., 1998). Micelles, vesicles and hydrogels with coacervate domains/cores have
been used for applications such as drug carriers or packaging materials for enzymes (Voets et
al., 2009; Imura et al., 2004, Hunt et al., 2011; Thomasin et al., 1998; Lindhoud et al., 2008).

Figure 2-5. Representation of complex coacervation
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2.1.3

Polymers

Polymers are chemically bonded chains of repeated chemical units or monomers. Polymers
are classified (based on their architecture) as having a linear or branched structure. In respect
to Painter and Coleman (2008), they may consist of one type of monomer or may take the
form of random or block copolymers where monomer units of several different kinds are
grafted together, commonly in a defined ratio.
2.1.4

Polyelectrolytes

Polymer compounds that contain net positive and negative charge at neutral pH are known as
polyelectrolytes. According to Patwekar et al. (2016), polyelectrolytes are classified based on
their:
basis of origin
composition
molecular structure
electrochemistry
Table 2-2 indicates how PECs are classified based on their origin:
Table 2-2. PECs classification based on their origin

Natural Polyelectrolytes

Synthetic Polyelectrolytes

Semisynthetic Polyelectrolytes

(Luo and Wang, 2013)

(Plapied et al., 2011)

(Pillai and Panchagnula, 2001)

Chitosan

Poly(lactide) (PLA)

Chitin

Gelatin

Poly(glycolide) (PGA)

Cellulose

Sodium alginate

Poly(lactide-co-glycolide) (PLGA)

Dextran based

Pectin

Poly(ethylene imine) (PEI)

Xanthan gum

Poly(carpolactone) (PCL)

Carboxymethyl cellulose

Poly(cynoacylates) (PCA)

2.1.5

Polyelectrolyte complexes (PECs)

The electrostatic interaction between two or more oppositely charged polyelectrolytes in
solution results to the formation of polyelectrolyte complexes – PECs (Thnemann et al., 2004;
Delair, 2011). Anandharamakrishnan (2014) has reported that PEC formation occurs
spontaneously after mixing both polycations and polyanions in solution without any crosslinking agent.
PECs involve generally polymer-polymer, polymer-drug, and polymer-drug-polymer
interactions (Patwekar et al., 2016). Additional interactions arise due to van der Wall forces
(described by the Lennard Jones potential), hydrogen bonding and hydrophobic dipole forces.
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Several authors (Yang and Hadinot, 2013; Borue and Erukhimovich, 1990; Kadam et al.,
2015; Harting et al., 2007) have reported several advantages of PEC formation such as less
energy required, fast (spontaneous) process, no requirement of heavy usage of solvents, no
production of toxic products, high yield production, inexpensive, biodegradable and
biocompatible.
A summary is outlined below with the main objectives for the formation of PECs, as stated by
several authors (Park et al., 2010; Vasilescu et al., 2011; Ng et al., 2013; Sankalia et al.,
2007; Cheow and Dinoto, 2012):
i)

Have potential applications as nano-carriers, surface-modifying reagents and can
also be found in applications related to membrane separation.

ii)

Could provide enhancement of sustained and controlled drug release

iii)

Can be used to control stability, adhesion properties and rheology of colloids

iv)

Could be used to obtain uniform particle size nanoparticles

2.2 Literature review and Discussion
A literature review has been performed in order to find essential information in regard to the
following issues:
•

The molecular structure of branched PEI as well as of linear PGlu and PAsp acid at
physiological conditions (pH = 7.0)

•

The molecular structure of branched PEI as well as of linear PGlu and PAsp acid at
basic conditions (pH > 7.0)

•

The molecular structure of branched PEI as well as of linear PGlu and PAsp acid at
acidic conditions (pH < 7.0)

•

Theoretical models and/or MD and MC simulations which make use of branched PEI
and/or linear PGlu and PAsp,

2.2.1

The molecular structure of PEI at neutral (physiological), acidic, and basic
conditions

Several authors (Neu et al., 2005; Lungwitz et al., 2005) have examined the potentials of
utilising a synthetic polymer PEI as a gene delivery vector, primarily in the last decade. As it
is stated by Ziebarth and Wang (2009), gene therapy is a promising treatment for many
diseases in which gene is delivered to cells to produce a missing or therapeutic protein.
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The reason of this interest stems from the fact that in comparison to other polyamines, such as
poly-L-lysine, PEI offers a higher transfection efficiency and has the highest density of amino
groups (Jager et al., 2012), while maintaining a relatively low cell toxicity (Boussif et al.,
1995; Merdan et al., 2002).
In regard to the molecular structure of PEI, Borkovec and Koper (1997) have reported that
PEI is classified as having a linear and branched structure. These two structures differ
significantly in terms of their proton binding characteristics (Thiele and Gronau, 1989; Balif
et al., 1994; Smits et al., 1993). According to Borkovec and Koper (1997), the linear PEI
consists of -CH2CH2NH- as the repeating unit having almost only secondary amine groups
(NH), whereas branched PEI consists of significant fractions of primary (NH2) and tertiary
(N) amine groups, in addition to the secondary groups, on the branched points. Structures of
both branched and linear PEI are presented in figure 2-6 (Skidmore, 2008). Lungwitz (2006)
has reported as part of his thesis how both branched PEI and linear PEI could be synthesized.
This can be seen from figure 5-1 and figure 5-2 in the Appendix, respectively. According to
Skidmore (2008), the fact that branched PEI has more primary (NH2) amine groups per
polymer would conceivably be more toxic than the linear one.

Figure 2-6. Structures of Branched and Linear PEI (Skidmore, 2008)

Dick and Ham (1970) showed from the study of the polymerization mechanism that the ratio
of branched PEI of primary, secondary, and tertiary amino groups is 1:2:1. This observation is
in agreement with data released by Lukovkin et al. (1973). Although the theoretical ratio of
primary, secondary, and tertiary amine groups in a branched PEI is calculated to be 1:2:1, the
actual ratio in commercial branched PEI is closer to 1:1:1: indicating a more highly branched
structure (Jager et al., 2012).
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The structure of branched PEI that we decided to construct is shown in figure 2-7. Primary,
secondary, and tertiary amine groups are highlighted with yellow, red and green colour,
respectively. As it can be seen, NH2 has been used in both ends as the terminal unit, in
agreement to several authors such as Kainz et al. (2014) and Holycross and Chai (2013) who
have also used NH2. The ratio between primary, secondary, and tertiary amine groups is 1:2:1,
which is in fully agreement with theory retrieved from the literature.

Figure 2-7. Molecular structure of branched PEI decided to be constructed for MD and MC simulation

The degree of protonation (addition of hydrogen on amine groups) of PEI has been the subject
of debate in the literature. In general, several authors (Smits et al., 1993; Koper, et al., 2003;
Ziebarth and Wang, 2010) have reported that the difference in the basicity of primary,
secondary, and tertiary amine groups leads to differences in charge density and solubility in
aqueous buffers between linear and branched PEI.
Borkivec and Koper (1997) have stated that linear PEI is fully protonated (addition of
hydrogen on amine groups) below pH = 2, while branched PEI still carries a substantial
fraction of deprotonated amine groups at pH = 2. As it was discussed previously this is due to
the difference in their molecular structure.
Utsuno and Uludag (2010) have reported the fraction of protonated nitrogen (addition of
hydrogen in amine groups) in respect to pH (for values from 6 to 9), by using a model
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proposed by Suh et al. (1994). This can be seen from table 2-3. As it can be seen, for pH = 6,
47% of amine groups need to be protonated, and for pH = 9, 13% of amine groups need to be
protonated. Therefore, as the pH increases (basic solution), the fraction of protonated amines
decreases. Several authors such as Sun et al. (2011) and Suh and Hwang (1994) have pointed
out that the protonation sites should be assigned on the primary (NH2) and secondary (NH)
amine groups because are more nucleophilic (higher pKa) than tertiary amine groups (N). In
addition to this, Sun et al. (2011) have recommended that the protonation sites should be
assigned as uniformly as possible, as well as separating the neighbouring protonation sites as
far apart as possible in order to minimize thermodynamic interactions between the protonated
amine groups. Ziebarth and Wang’s (2010) statement is in agreement with the
recommendation of Sun et al. (2011) regarding the assignment of protonation sites as
uniformly as possible.
Table 2-3. pKa and the fraction of protonated nitrogen in branched PEI adopted by Utsuno (2010)

pKa
Fraction of N+ (%)

pH 6

pH 7

pH 8

pH 9

5.95

6.69

7.43

8.17

47

33

21

13

Suh et al. (1994) have also reported the fraction of protonated nitrogen in respect to pH for
PEI. This can be seen from table 2-4. The data are not identical to the values provided from
Utsuno and Uludag (2010) due to the fact that the polymer had not the same features (such as
pKa), however it can be seen for both cases that as the pH increases the fraction of protonated
nitrogen decreases.
Table 2-4. pKa and the fraction of protonated nitrogen in branched PEI adopted by Suh et al. (2010)

pKa
+

Fraction of N (%)

pH 4

pH 5

pH 6

pH 7

pH 8

pH 9

4.1

4.89

5.69

6.48

7.28

8.07

55

44

33

23

16

11

Adopting data provided by Suh et al. (1994), it can be safely stated that:
•

At physiological conditions (pH =7), 2 amine groups of PEI are to be protonated

•

At acidic conditions (pH < 7), 6 amine groups of PEI are to be protonated

•

At basic conditions (pH > 7), 1 amine group of PEI is to be protonated

Figures 2-8;2-9;2-10 show which amine groups of PEI are to be protonated (in red dashed
circle) when the solution is at physiological, acidic, or basic conditions, respectively.
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Figure 2-8. Molecular structure of PEI at physiological conditions (2 amine groups are protonated)

Figure 2-9. Molecular structure of PEI at acidic conditions (6 amine groups are protonated)

Figure 2-10. Molecular structure of PEI at basic conditions (1 amine groups are protonated)
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In regard to linear PEI, several authors such as Bagai et al. (2012), Choudhury et al. (2013),
Choudhury and Roy (2013), Sharma et al. (2011) have performed all-atom MD simulations
for PEI protonated at acidic conditions or for PEI deprotonated at basic conditions.
Choudhury and Roy (2013) have investigated the solvated structure of PEI chains at different
pH conditions in explicit water and the dynamics of solvation shells around the PEI chain
using MD simulations. The main goal of Choudhury and Roy (2013) was to prove that PEI is
effective at neutral and higher pH (basic) conditions and undergoes complexation with DNA,
but at low pH (acidic conditions) it releases DNA inside the cell.
Choudhury and Roy (2013) have given the molecular structure of the linear PEI when it is
deprotonated (basic conditions), alternate protonated (physiological conditions), or
completely protonated (acidic conditions). This can be observed from figure 5-3 in the
Appendix. They have also given, as supplementary information, tables which illustrate data
regarding:
•

Coulombic parameters (e , e , see eq. 2-1) for deprotonated, alternate protonated, and

fully protonated PEI chains, respectively. This can be seen from tables 5-1;5-2;5-3 in
k

lg

hFh

= 4+

mn

o

−n

L

o p+q+

ee

Equation 2-1

the Appendix.
•

Lennard Jones parameters (

and

, see eq. 2-1) for the atom types mentioned in

tables 5-1, 5-2, and 5-3 in the Appendix (see table 5-4 in the Appendix).
•

Bond parameters (f and

g

h

, see eq. 2-2) for the bond between the atom types (ij)

in tables 5-1, 5-2, and 5-3 in the Appendix (see table 5-5 in the Appendix).
•

Bonded angle parameters ( and

O %F

, see eq. 2-2) for angles formed by the atom

types (ijk) mentioned in tables 5-1, 5-2, and 5-3 in the Appendix (see table 5-6 in the
Appendix).
•

Dihedral parameters (

and

h iFh O

, see eq. 2-2) for harmonic functions and the

values of j for the Ryckaert-Bellemans functions. X denotes any undefined atom

types in the harmonic functions in tables 5-1, 5-2, and 5-3 in the Appendix (see table
5-7 in the Appendix).
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Choudhury and Roy (2013) have calculated, analysed and identified the following parameters
in order to explore and understand the structure and dynamics of PEI in water:
•

End-to-end distance

•

Radius of gyration

•

Ratio of syn to anti of the torsional angle to gen an insight into the favourable
polymer conformations

•

Ordering of water molecules along the polymer chain for different solvation shells

•

Dynamical properties of water molecules around the polymer chain at different
protonation levels to relate the mechanism of diffusion of the water molecules around
the chain with the structure of the polymer chain

•

Residence time and self-diffusion of water molecules at different temperatures

•

Activation energy for the water molecules of each solvation shell

2.2.2

The molecular structure of PGlu at neutral (physiological), acidic, and basic
conditions

According to Liang (2013), PGlu acid is a natural polymer polymerized linearly from
glutamic acid. The chemical structure of chitosan-γ-poly (glutamic acid) polyelectrolyte is
presented in figure 2-11 (Liang, 2013). Structure characteristics of PGlu acid at different pH
conditions have been examined by Rydon (1964) after performing an optical rotary dispersion
(ORD) study. Rydon (1964) has observed that:
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•

Strong hydrogen bondings make the PGlu acid to form a tightly compacted α-helix
conformation, resulting in a strong hydrophobic character and becoming insoluble in
water at pH = 2.0

•

As pH rises, hydrogen bonding breaks up, α-helix conformation changes into linear
random-coil conformation, and α-COOH group ionizes to form α-COO- anion. The
chemical structure of PGlu acid as pH rises (basic condition) is shown in figure 2-12
(Hong and Granick, 2013)

•

The intrinsic viscosity increases with increasing pH until the pH reaches a value of
about 8.0

Figure 2-11. Chemical structure of γ-poly (glutamic acid) at physiological conditions (Liang, 2013)

Figure 2-12. Chemical structure of γ-poly (glutamic acid) at basic conditions (pH>7) (Hong and Granick, 2013)

Rydon (1964) has also observed that:
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•

At pH = 4.09, approximately 50% of the α-helix conformation changes into randomcoil transition

•

At pH = 6.5 or higher, PGlu acid essentially exists in linear random-coil conformation
only and shows a polyatomic characteristic which gives PGlu acid more functionality
for binding to cationic molecules or surfaces

The observations seen by Rydon (1964) also agree with the statement made by Konno and
Kaneko (1969) who have reported that a helical conformation of PGlu in the low pH region
undergoes a transformation to the random coil at a pH around 5.
2.2.3

The molecular structure of PAsp at neutral (physiological), acidic and basic
conditions

According to Dziki et al. (2002), the linear chemical structure of PAsp acid has two possible
units (α and β) as can be seen from figure 2-13.

Figure 2-13. Chemical structure of poly(aspartic acid) with two units (α and β)

Nistor et al. (2013) have stated that PAsp acid is a synthetic polypeptide which is
biocompatible and biodegradable water-soluble polymer. In addition, due to its carboxylic
group, this is a weak polyelectrolyte in water solution at neutral pH, being as well highly
sensitive to pH changes (Nistor et al., 2013). At pH = 6.5 or above, PAsp becomes almost
completely dissociated and highly charged in solution (Nistor et al., 2013).
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2.3 Start-up of a MD simulation
We have simulated an “easy” system at first in order to familiarise ESR 10 with the procedure
of building and performing an MD simulation. A linear PEI in aqueous solution at
physiological, basic, and acidic environment was decided to be simulated, since several
authors such as Choudhury and Roy (2013) have provided enough and reliable data and info
(see section 2.2.1).
Technical details provided by Choudhury and Roy (2013) for performing a MD simulation
•

All-atom MD simulations of a 20-mer and a 50-mer linear PEI in water were
performed using Gromacs-4.0.7 (Hess et al., 2008; Van Der Spoel et al., 2005)

•

The MD simulations were performed using Amber force filed (DePaul et al., 2010;
Sorin and Pande, 2005)

•

The TIP3P water model was used to solvate PEI chains for all the systems (Mahoney
and Jorgensen, 2000)

•

MD simulations were performed with a time step of 1 fs for integrating the equations
of motion

•

The particle mesh Ewald (Darden et al., 1993) method was used for computing long
range electrostatic interactions

•

The non-bonded potential energy cut-off was 1.2 nm

•

The simulations were carried out in the NPT (isothermal-isobaric ensemble) using a
velocity rescale algorithm (Bussi et al., 2007) for the thermostat with a coupling
constant of 0.1 ps, and the Berendsen barostat (Berendsen et al., 1984) for isotropic
pressure control with a coupling constant of 1 ps

•

The systems were simulated for 50ns at 330 K

As it is reported by Sharma et al. (2011), the conformation of linear PEI becomes elongated
(stretched out) at all protonated states (low pH environments), while it is coiled at non
protonated states (high pH environments).
2.3.1

GROMACS software

As it is mentioned in section 1.4.2, the goal of an MD simulation is to predict macroscopic
properties such as pressure, energy, heat capacities, etc. from the microscopic molecular
structure and chemical composition of the system. The most commonly used MD simulation
packages are GROMACS, CHARMM, AMBER and NAMD (Munz and Biggin, 2012).
GROMACS is a molecular dynamics package primarily designed for simulations of proteins,
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lipids and nucleic acids. It was developed in the Biophysical Chemistry department of the
University of Groningen, in Netherlands, in the early 1990s (Van der Spoel et al., 2010). It is
this software that we chose in our simulations of PEI in an aqueous environment.
A summary of the main features that GROMACS offers is listed below (Van der Spoel et al.,
2010):
1. Features for generating topologies and coordinates
•

pdb2gmx – converts pdb files to topology and coordinate files

•

editconf – edits the box and write subgroups

•

genbox – solvates a system

•

genion – generates mono atomic ions on energetically favourable positions

2. Features for running the simulation
•

grompp – makes a run input file

•

mdrun – performs a simulation, does a normal mode analysis or an energy
minimization

3. Features for processing properties
•

g_energy – writes energies to xvg files and displays averages

•

g_gyrate – calculates the radius of gyration

•

g_potential – calculates the electrostatic potential across the box

•

g_density – calculates the density of the system

4. Features for processing files
•

trjconv – converts and manipulates trajectory files

5. Analysis tools
•
2.3.2

g_rms – calculates rmsd’s with a reference structure and rmsd matrices
Steps in MD simulation

As it is mentioned in section 1.4.2, an MD simulation involves in general three stages:
preparation of the input, production phase, and analysis of the result.
In our case study, initial configurations of linear PEI at three different pH conditions were
designed by using Scienomics’ MAPS software. This offers the capability to build atomistic
structures of condensed-phase amorphous polymers using a simple GUI, pack then the chains
into a simulation volume, and then perform the MD simulation (Haley et al., 2015). Figure 214 shows the atomistic configuration of a 46-mer linear PEI chain at acidic conditions (A),
physiological (B), and basic conditions (C), as designed in MAPS.
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(A)

(B)

(C)

Figure 2-14. Atomistic configurations of PEI at three different pH conditions: (A) acidic conditions, (B) physiological
conditions, (C) basic conditions

Once the structures of PEI have been constructed, a topology file has been generated for each
case. Data obtained from Choudhury’s and Roy’s (2013) study have been used in order to
generate topology files.
Once the topology files have been created for all three scenarios (at acidic, physiological and
basic conditions), the following steps have been then followed in order to perform MD
simulation:
Stage I: Preparation
•

Define the simulation box and fill it with solvent

•

Add counter-ions to neutralize the system

•

Perform energy minimization to provide stable simulation
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Stage II: Production
•

Generate the trajectory file containing the atomic coordinates and velocities

Stage III: Analysis
•

Analyze the trajectory and data files to obtain information on properties such as:

Mean-square radius-of-gyration 〈$% 〉 of the molecule

Mean-square end-to-end distance 〈$ 〉 of the molecule
As it is reported by Stein and Powers (2006), a statistical (average) measure could be
potentially used in order to define the average dimensions of a polymer molecule. This is

generally described by the mean-square radius-of-gyration, 〈$% 〉, as well as the mean-square

end-to-end distance, 〈$ 〉, of the polymer chain. The mean-square radius-of -gyration, 〈$% 〉, is
|

1
〈$% 〉 = +〈 〉
{
defined as (Stein and Powers, 2006):
where

y

Equation 2-3

is the vector measured from the center of gravity of the molecule (nm) to the i-th

atom.

〈$ 〉 = 〈

∑'
〉
∑'

Equation 2-4

The mean-square end-to-end distance, 〈$ 〉, is defined as (Stein and Powers, 2006):
where ' is the number of polymer configurations and

the end-to-end length.

Figures 2-15 and 2-16 illustrate the root-mean-square end-to-end distance (nm) and the rootmean-square radius-of-gyration (nm) of linear PEI at acidic (blue colour) and basic conditions
(orange colour), respectively. Indeed, we observe that linear PEI becomes elongated at acidic
conditions and coiled at basic conditions. This observation is in full agreement with the
statement made by Sharma et al. (2011) which has claimed that the conformation of linear
PEI becomes elongated (stretched out) at all protonated states (low pH conditions), while it is
coiled at non protonated states (high pH conditions).
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Figure 2-15. End-to-end distance (nm) vs time (ns) for linear PEI at acidic conditions (blue) and basic conditions
(orange)
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Figure 2-16. Radius of gyration (nm) vs time (ns) for linear PEI at acidic conditions (blue) and basic conditions
(orange)

33

MD and MC methods for atomistic simulation of responsive polymer or polypeptide layers

3 Case study II: MC simulation of grafted polymers
3.1 Background
Polymers which are attached by one end to a substrate or interface and immersed in a solvent
are of great importance. According to Clarke et al. (1995), grafted polymer chains which are
attached by one end to a substrate or interface through chemical sorption are commonly used
for improving the fracture strength of interfaces.
In recent years a great interest for developing an improved understanding of the nature of
interfaces at the molecular lever has been shown. A system which consists of polymer layers
attached by one end to an interface (surface), known as polymer brushes, has generally
attracted a great interest because of its potential applications in composite materials,
adhesives, lubricants, and colloidal stabilizers (Clarke et al., 1995).
The following techniques, which have been widely reported in the literature, are implemented
to functionalize the surfaces with polymer brushes:
1. Physical adsorption of oligomeric or polymeric chains on the surface (Chaudhury and
Witesides, 1992; Nagasaki and Kataoka, 1996; Mansky et al., 1997)
2. Grafting of polymer chains to the surface (Fytas et al., 1996; Mir et al., 1995)
3. Grafting of polymer chains from the surface (Prucker and Ruhe, 1998).
Grafting of polymer chains is achieved in several ways, including:
•

Constructing a diblock copolymer in which one block is strongly adsorbed onto the
surface (Hatziioannou et al., 1986)

•

Attaching an ionomeric or zwitterionic group to the end of the polymer chain
(Taunton et al., 1988)

•

Adsorbing a diblock copolymer at the interface between two immiscible solvents,
each of which is preferred by one of the polymer blocks (Milner et al., 1989).

3.2 Literature review: MC simulation
As Daoulas et al. (2002) have stated, establishing quantitative relations between chemical
constitution and macroscopically properties and predict system’s structure and mechanical
properties is highly recommended. Daoulas et al. (2002) have developed computer simulation
techniques which are capable of characterising the structural configuration of the interface
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between a crystalline solid substrate and a long polymer melt consisting of only grafted or of
mixtures of free and grafted chains at a prescribed grafting density .
3.2.1

Technical details of MC simulation

The main technical details which are employed by Daoulas et al. (2002) in performing a MC
simulation method with end-grafted chains are outlined below:
•

End-bridging MC (EBMC) method is used providing vigorous sampling of
configurational space of atomistic models of polyethylene (PE) - like melts of
molecular weight ranging from C78 to C250 at a variety of grafting densities .

•

Simulations are carried out with the united-atom molecular model, in which:
a) Each methyl and methylene group along the chains is regarded as an individual
interacting site
b) Bond lengths are kept constant at their average value of 1.54 Å
c) Bond angles fluctuate around an equilibrium value of

=112o subject to the van

der Ploeg and Berendsen (see equation 1-6 (b)) bending potential where
-1

taken to be 115.2 kcal mol rad

is

-2

d) Dihedral angles are governed by the Ryckaert-Bellemans torsional potential (see

equation 3-1) with ~ = 2.217, ~ = 2.905, ~ = −3.135, ~1 = −0.731, ~„ =
x

( ) = + j (cos( − 180))

Equation 3-1

y

6.271, ~x = 7.527 in kcal mol-1

e) Intramolecular interactions between sites separated by more than three bonds as
well as all intermolecular interactions are described in terms of a 6-12 LennardJones potential (see equation 1-4) with
•

= 3.94 Å and

= 0.098 kcal mol-1.

Simulations are executed in the semigrand canonical ensemble where pressure, P,
temperature, T, total number of chains, Nch, total number of mers, n, and the spectrum

of relative chemical potentials, ‡ ∗ , of all species in the melt except two, which are
taken as reference species, are held constant/fixed.

•

Grafted chains are assumed to have their first carbon atom permanently anchored at a
distance 1.54 Å from the plane of a graphite or hard substrate.

•

Steele’s (Steele, 1973) method is accommodated to model the interaction of the
graphite phase with the polymer melt.
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3.2.2

Results obtained from MC simulation

Significant results have been obtained from the Daoulas’ et al. (2002) study concerning:
The thermodynamic properties:
•

Local model density

•

Volume-fraction

•

End-segment profiles

And the conformational properties of systems of grafted polymer chains:
•

Mean conformational path

•

Average chain dimensions in the directions parallel and perpendicular to the basal
plane

The main conclusions derived from the Daoulas’ et al. (2002) study are outlined below:
•

The local system density is constant in the bulk of the melt, for melts consisting of a
mixture of grafted and free chains above a hard substrate.

•

The local system density becomes smaller than in the in the bulk liquid, only in the
regions closest to the solid substrate and the melt/air interface.

•

The profiles of the fraction of segments belonging to grafted and free chains show
that grafted chains expel free chains from the interface.

•

The results found for the density of chain ends are in full agreement with the
statement made by Milner et al. (1988), which have reported that chain ends span the
entire region above the substrate.

In addition to this study, Daoulas’ et al. (2003) have performed MC simulations in order to
analyze in depth the structural properties of the same system. Their main conclusions can be
summarized as follows:
•

For high enough grafting densities, chains extend toward the free surface of the melt

•

The rate at which bonds extend above the substrate is a decreasing function of their
height from the surface

•

Calculated H-NMR spectra (Pant and Theodorou, 1995) for a C78 and C158 PE melt
grafted at

= 2.62 and 1.75 nm-2 are consistent and exhibit their highest peaks at

frequencies characterized by a doublet splitting on the order of 0.4 kHz.
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4 On going work
In regard to on-going work (approximately two months’ work has been carried out so far
since the recruitment day):
•

MD and MC simulations are being carried out in order to describe the experiments
performed by Priftis et al. (2013) and therefore examine the formation of complex
coacervation under the effect of:
o Total polymer concentration
o Polyanion/Polycation ratio on salt-free systems
o Ionic strength (salt concentration variation)

It is expected that results will be presented in the next BioSmartTrainee project meeting,
which is about to take place in about 6 months (March-17). Following this, an updated
version of this deliverable will be submitted.
In addition, is planned to adapt the simulation algorithms for the polyelectrolyte systems
examined by other partners of the BioSmartTrainee project such as ESPCI, IPF and
Wageningen.
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6 Appendix

Figure 6-1. Synthesis of branched PEI by acid catalyzed polymerization of aziridine in aqueous solution (Lungwitz,
2006)

Figure 6-2. Synthesis of linear PEI: The polymerization of 2-ethyl-2-oxazoline was initiated by methyl-ptoluenesulfonate and proceeds according to a living process, yielding poly(2-ethyl-2-oxazoline) – pOXZ, capped by
oxazolinium tosylate ends. Linear PEI was synthesized by complete hydrolysis of Poxz, using an excess of
hydrochloric acid in aqueous media (Lungwitz, 2006)
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(a)

(b)

(c)

Figure 6-3. Structure of PEI with atom number. (a) Unprotonated chain, (b) Alternate protonated, and (c) completely
protonated chain (Choudhury and Roy, 2013)
Table 6-1. Coulombic parameters (qi) for unprotonated PEI chain (Choudhury and Roy, 2013)

Table S1. Coulombic parameters (qi) for unprotonated PEI chain
Atom No.

Atom Name

Atom type

Charge, qi

1

N

Amber99_38 (N2)

-0.740
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2,3

H1,H2

Amber99_17 (H)

0.250

4

CA

Amber99_11 (CT)

-0.140

5,6,8,9

HA1, HA2, HB1, HB2

Amber99_19 (H1)

0.115

7

CB

Amber99_11 (CT)

-0.080

10

N

Amber99_81 (NT)

-0.593

11

H

Amber99_17 (H)

0.269

12,15

CA, CB

Amber99_11 (CT)

-0.086

13,14,16,17

HA1, HA2, HB1, HB2

Amber99_19 (H1)

0.124

18

N

Amber99_81 (NT)

-0.500

19

H

Amber99_17 (H)

0.280

20

CA

Amber99_11 (CT)

-0.081

21,22

HA1, HA2

Amber99_19 (H1)

0.125

23

CB

Amber99_11 (CT)

-0.300

24,25,26

HB1, HB2, HB3

Amber99_18 (HC)

0.117

Repeating Unit

C-Terminal

Table 6-2. Coulombic parameters (qi) for alternate protonated PEI chain (Choudhury and Roy, 2013)

Table S2. Coulombic parameters (qi) for alternate protonated PEI chain
Atom No.

Atom Name

Atom type

Charge, qi

1

N

Amber99_81 (NT)

-0.417

2,3,4

H1,H2, H3

Amber99_17 (H)

0.360

5

CA

Amber99_11 (CT)

0.056

6,7

HA1, HA2

Amber99_19 (H1)

0.087

8

CB

Amber99_11 (CT)

-0.147

9,10

HB1, HB2

Amber99_19 (H1)

0.127

N-terminal

Repeating Unit
11

N

Amber99_81 (NT)

-0.593

12

H

Amber99_17 (H)

0.269

13,16

CA,CB

Amber99_11 (CT)

-0.086

14,15,17,18 HA1,HA2,HB1,HB2

Amber99_19 (H1)

0.124

19

Amber99_81 (NT)

-0.150

N
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20,21

H1,H2

Amber99_17 (H)

0.340

22,25

CA,CB

Amber99_11 (CT)

-0.023

23,24,26,27 HA1,HA2,HB1,HB2

Amber99_19 (H1)

0.129

C-Terminal
28

N

Amber99_81 (NT)

-0.500

29

H

Amber99_17 (H)

0.280

30

CA

Amber99_11 (CT)

-0.081

31,32

HA1,HA2

Amber99_19 (H1)

0.125

33

CB

Amber99_11 (CT)

-0.300

34,35,36

HB1,HB2,HB3

Amber99_18 (HC)

0.117

Table 6-3. Coulombic parameters (qi) for protonated PEI chain (Choudhury and Roy, 2013)

Table S3. Coulombic parameters (qi) for protonated PEI chain
Atom No.

Atom Name

Atom type

Charge, qi

1

N

Amber99_81 (NT)

-0.417

2,3,4

H1,H2,H3

Amber99_17 (H)

0.360

5

CA

Amber99_11 (CT)

0.056

6,7

HA1, HA2

Amber99_19 (H1)

0.087

8

CB

Amber99_11 (CT)

-0.147

9,10

HB1, HB2

Amber99_19 (H1)

0.127

11

N

Amber99_81 (NT)

-0.150

12,13

H1,H2

Amber99_17 (H)

0.340

14,17

CA,CB

Amber99_11 (CT)

-0.023

15,16,18,19

HA1,HA2,HB1,HB2

Amber99_19 (H1)

0.129

20

N

Amber99_81 (NT)

0.135

21,22

H1,H2

Amber99_17 (H)

0.331

23

CA

Amber99_11 (CT)

-0.067

24,25

HA1,HA2

Amber99_19 (H1)

0.120

26

CB

Amber99_11 (CT)

-0.314

27,28,29

HB1, HB2,HB3

Amber99_18 (HC)

0.16

Repeating Unit

C-Terminal
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Table 6-4. Lennard Jones parameters (σ and ε) for the atom types mentioned in Tables S1-S3 (Choudhury and Roy,
2013)

Table S4. Lennard Jones parameters (σ and ε) for the atom types mentioned in Tables S1-S3
Atom Type

σ (nm)

ε (kJ mol-1)

Amber99_38 (N2)

0.325000

0.7112800

Amber99_17 (H)

0.106908

0.0656888

Amber99_11 (CT)

0.339967

0.4577300

Amber99_19 (H1)

0.247135

0.0656888

Amber99_81 (NT)

0.325000

0.7112800

Amber99_18 (HC)

0.264953

0.0656888

Table 6-5. Bond parameters (bo and kij bonds) for the bond between the atom types (ij) in Table S1, Table S2, and
Table S3 (Choudhury and Roy, 2013)

Table S5. Bond parameters (bo and kij bonds) for the bond between the atom types (ij) in Table
S1, Table S2, and Table S3
Bond (Atom types, ij)

bo (nm)

kijbonds (kJ mol-1 nm2)

H-N2

0.1010

363171.2

N2-CT

0.1463

282001.6

CT-H1

0.1090

284512.0

CT-CT

0.1526

259408.0

CT-NT

0.1471

307105.6

NT-H

0.1010

363171.2

CT-HC

0.1090

284512.0

Table 6-6. Bonded angle parameters (θo and kijk angle) for the angles formed by the atom types (ijk) in Table S1,
Table S2, and Table S3 (Choudhury and Roy, 2013)

Table S6. Bonded angle parameters (θo and kijk

angle

) for the angles formed by the atom types

(ijk) in Table S1, Table S2, and Table S3
o

kijkangle (kJ mol-1 rad2)

Angles (Atom types, ijk)

θo

H-N2-H

120.0

292.88

H-N2-CT

118.4

418.40

N2-CT-H1

109.5

418.40

N2-CT-CT

111.2

669.40

CT-CT-H1

109.5

418.40

H1-CT-H1

109.5

292.80
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CT-CT-NT

111.2

669.40

CT-NT-H

109.5

418.40

NT-CT-H1

109.5

418.40

CT-NT-CT

109.5

418.40

CT-CT-HC

109.5

418.40

HC-CT-HC

109.5

292.80

H-NT-H

109.5

292.88

Table 6-7. Dihedral parameters (φs and kijkl dihedral) for harmonic functions and the values of Cn for RyckaertBellemans functions. X denotes any undefined atom types in the harmonic functions in table S1, table S2, table S3
(Choudhury and Roy,2013)

Table S7. Dihedral parameters (φs and kijkl dihedral) for Harmonic functions and the values of
Cn for Ryckaert-Bellemans functions. X denotes any undefined atom types in the harmonic
functions in table S1, table S2, table S3
Dihedral (Atom types), φs

kijkl dihedral (kJ mol-1)

n

ijkl
H-N2-CT-CT

0.000000

3.7656000

3

H-NT-CT-CT

0.000000

3.7656000

3

H-NT-CT-H1

0.000000

3.7656000

3

CT-CT-NT-CT

0.000000

0.6276000

3

CT-CT-NT-CT

180.000000

1.0040000

2

Dihedral (Atom types), ijkl (kJ mol-1)

C0

C1

C2

X-N2-CT-X

0.0

0.0

0.0 0.0

0.0 0.0

X-CT-CT-X

0.65084

1.95253

0.0 -2.60338

0.0 0.0

C3

C4

C5
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Table 6-8. Molecular systems simulated (Daoulas et al., 2002)

Main chain

Number of
grafted chains
Number of free
chains

C156

C78

length

C250

40

50

60

10

15

5

9

12

/

/

/

30

25

21

17

14

Hard

Hard

Hard

Hard

Hard

Hard

Hard

Type of

Hard

substrate

and
graphite

Pressure (atm)

0

0

0

1

1

1

1

1

(nm-

1.75

2.18

2.62

0.87

1.31

0.54

0.98

1.31

Polydispersity

1.14

1.14

1.14
1.08

1.08

1.08

1.08

1.08

1.21

1.21

1.21

Grafting
density
2

)

index, ‰
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