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ABSTRACT
Impact of ionizable blocks on structure and dynamics of structured ionic copolymers in solutions, melts, and thin films has been studied using atomistic molecular
dynamics simulations. Much of the interest in ionic block co-polymers derives from their
inherent tendency to phase segregate into hydrophobic and hydrophilic domains. Ionic
domains in ionic block co-polymers serve as physical cross-linkers and form a long-range
percolated cluster assembly, which is a crucial component to transport ions or solvents
for varieties of applications from clean energy to biotechnology. One of such ionic copolymers, where ionic blocks facilitate the transport and other non-ionic blocks provide
chemical and mechanical stability, is pentablock (ABCBA) co-polymer. It consists of
randomly sulfonated polystyrene (C) in the center, tethered to poly-ethylene-r-propylene
(B), terminated on both sides by poly-t-butyl styrene (A). This dissertation focuses on the
studies of these co-polymers in their different forms, including the single chains to
micelles in solutions, membrane, and followed by water penetration into their thin films.
Single chains were studied as a function of nature of solvents including the 1:1
mixture of cyclohexane/heptane and water. This specific hydrophobic solvent is used in
industrial casting processing. Water is a highly prevalent substance in the environment
and is a by-product of many eletrochemical reactions. We find that a single molecule of
the ionic co-block polymer even undergo internal segregation into ionic and non-nonic
blocks in both solvents.
We then probed the assembly of the pentablock copolymer in solutions to
understand the structural diffrences between the micelles formed by the ionic copolymer
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and van der Waals polymers. Micelles are the building blocks of a membrane, and a key
step to engineer controlled polymeric ion transport systems. We find that the ionic
network serves as a long lived skeleton of the assembled co-polymers where the
hydrophobic blocks are able to migrate in and out of this structure depending on the
nature of the solvents.
Following the understanding of micellizaion of polymers we moved to melts. We
find that the melts form intertwined networks of t-b-PS and center PS blocks. These
networks are independent of the degree of sulfonation and have no long-range ordering.
The sulfonated groups form different size of clusters where their cohesiveness and
morphology affect both collective and segmental dynamics of all the blocks.
Studies have been further exteneded to focus on the interfacial behaviour of
complex copolymer thin films in solvent environments. We find that inerfacial response
of hydropbobic and hydrophilic blocks including their dynamcis differs from the bulk
ones. We aslo observe a multi-steps water penetration process. Onset of slow penetration
is observed at the early stage where water molecules first transverse the hydrophobic rich
surface before reaching to the hydrophilic regime. Water molecules then diffuse along the
percolating pathway formed by ionic center block. Interpenetration occurs due to the
change in bulk morphology where individual blocks rearrange. Results from these studies
provide an engineering tool to design functional polymeric membranes for promising
device applications. Overall the works have resolved the interplay between ionic and
non-ionic blocks in co-polymers.
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CHAPTER ONE
INTRODUCITON
This work focuses on molecular level understanding of structure and dynamics of
structured ionic copolymers in solutions, melts, and thin films. These polymers have
potential to transport ions, and solvents for energy related technologies where their
conformations and dynamics are critical. This chapter introduces basic concepts of
ionomers and their phase behavior. It outlines aspects of polymer dynamics relevant to
this study.
1.1 Ionomers
Ionomers are the polymers that consist of ionizable groups tethered covalently to
either the polymer backbone to pendent groups along the polymer chains.1,2 They are core
of current energy related technologies3 such as fuel cell,4 and drug delivery5 where high
transport of ions, and solvents is required. In contrast to polyelectrolytes6-8 whose
properties are determined by electrostatic interaction between ionic groups, ionomers
properties are controlled by a balance of both electrostatic interactions of the ionic groups
and elastic forces of polymer backbone. The characteristics of ionic polymers are affected
by various factors such as ion content, type of ionizable groups, counter-ion, and nature
of backbone. Ionizable groups as such sulfonates,9,10 carbonate,11,12 phosphonates13 form
ionic domains with various morphologies. Assemblies of these domains and their internal
dynamics are key components in determining the overall properties of ionomers. A
perflourosulfonic acid polymer Nafion® (DuPontTM)14-17 consists of a hydrophobic
fluorocarbon backbone and hydrophilic sulfonated pendent side chain as seen chemical
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formula in Figure 1.1 is the most studied ionomer since 1960’s. This polymer leads to
phase segregation into hydrophilic and hydrophobic domains. However, ionic domains
swell in polar solvents and ultimately form bi-continuous channel of solvents which
eventually dissociates into cylindrical aggregates as increasing content of polar
solvents.17

Figure 1.1 Chemical structure of Nafion.
Sulfonated polystyrene (PSS) is another example of ionomers as seen chemical
formula in Figure 1.2, which was introduced to a polymer electrolyte membrane fuel cell
by General Electric Company, USA.18 It has sulfonated groups attached to phenyl ring
along the backbone. The ability to control the synthesis of this polymer by varying
molecular weight results in a highly mono-dispersed polymer which allows to study the
effect of ionizable groups on characteristic properties.
1.2 Association of Ionomers
Ionomers associate into clusters surrounded by hydrophobic regions often referred
to as ionic clusters. A theoretical model that describes the association of ions in melt was
first proposed by Eisenberg et al.19 Initially, ionizable groups froms multiplets which

2

grow into ionic clusters. These clusters are governed by a number of factors including
flexibility of backbone and ionic content, and ultimately controlled by the balance of
elastic forces of the hydrophobic domains and the electrostatic interaction between the
ionic groups. Clusters will form if the electrostatic interaction is greater than the elastic
forces. Figure 1.3 shows an example of formation of ionic clusters as a function of time
in PSS melts.20

Figure 1.2 Chemical structure of sulfonated polystyrene
The strength of the electrostatic interactions between ion pairs is a key parameter
for formation of clusters which is determined by size of ions and the covalent nature of
ionic bond. Small, highly polar ion pairs interact strongly and thus tend to be more firmly
held than larger groups. Ion pairs do not tend to aggregate if they are very dilute and too
far apart to experience significant electrostatic attractions. The energy to separate an ion
pair is19
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where e is the charges of the ions, r is the distance between the center of positive and
negative charge in an ion pair, ɛ# is the permittivity of vacuum and εr is the dielectric
constant of media.

Figure 1.3 Time evolution of aggregates of ionic groups in PSS melts;oxgen in red, sulfur
in yellow and sodium atoms in blue color. Reproduced from (Agrawal, A.; Perahia, D.;
Grest, G. S. Physical Review E 2015, 92, 022601-022601.) Copyright (2015) American
Physcial Society.
The extent of cluster formation in a random ionomer depends on the characteristic
of the polymer as well as polarity of the solvent. Low dielectric constant of media favors
ionic association, where high dielectric constant often inhibits multiplet formation.
The original model of Eisenberg was further generalized by Dreyfus,21 Datye,22
by Mauritz,23 and later cluster structure is probed by several groups using X-ray.24-26 For
example, Winey and co-workers26 have observed spherical ionic aggregates in PSS using
X-ray scattering techniques. Impact of ionic cluster on the mobility of polymer is further
explored by Eisenberg-Hird-Moore (EHM)27 model, where they predict the mobility of
atoms immediately surrounding the clusters is significantly reduced. Ionic clusters that
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enable functionality impact the on the dynamics of polymers.28-32 Recently, using MD
simulations Anupriya et al.20,33 have revealed ionic groups aggregates into ladder
morphologies at low dielectric environment and these clusters reduce the dynamics of
polymers in melts of PSS.
1.3 Ionomers in Solutions
The interactions of polymers with solvents determine their conformation and
association.34 Solvents are described as poor, theta and good.35 Poor solvents are those in
which the polymer-polymer interactions are larger than the polymer-solvent interactions.
Therefore, in these solvents, flexible and semi-flexible polymers are collapsed. In theta
solvents, the polymer-polymer interactions are equal to the polymer-solvent interactions
and in good solvents the polymer-solvent interactions are larger than the polymerpolymer interactions. Flexible polymers assume a Gaussian coil conformation in theta
solvents and further swell in good solvents. Interactions are described by Flory-Huggins
parameter, χ. This model defined the systems as particles on a lattice, each lattice site is
occupied by either a solvent molecule or a monomer. The interactions between the
components are denoted by "#$ , "## , and !"" which are the interaction energies of
polymer-solvent, polymer-polymer, and solvent-solvent respectively. χ is given by34

!=

#
$%&

'() -

+
,

'(( + '))

(1.2)

where, z is the number of nearest neighbors, KB is the Boltzmann constant, and T is the
temperature. A positive χ denotes that polymer-polymer interactions are favored
compared with polymer-solvent and solvent-solvent interactions. A negative χ means that
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polymer-solvent interactions are preferred, promoting solvation of the polymer. In
general, χ decreases with increasing temperature.
Polymer dimensions depend on solvent quality. Radius of gyration (Rg) scales
with number of monomers (N). Rg is given by

!" ≈ $% &

(1.3)

where, b is the Kuhn length (smallest rigid segment of a polymer) of the polymer, v is a
scaling factor. v = 1/3, 3/5 and 1/2 for poor, good and theta solvents respectively.34,35
Incorporating ionizable groups into polymers results in higher electrostatic
intermolecular interactions which often lead to aggregation. Therefore, Flory-Huggins
theory can no longer be described the behavior of ionomers in solvents. Among the many
models of ionomer in solutions, Odijk,36 Skolnick and Fixman37 have first suggested a
model that correlated the dielectric constant of the solvents to the persistence length (the
size of the smallest rigid segment) of polymer chain. They consider that the total
persistence length (Lp) of the polymer consist of both intrinsic persistence length (L0) that
correspond to neutral part and electric persistence length (Le) that comes from ionic
groups.

!" = !% + !'

(1.4)

where Le is

!" =

%

(1.5)
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where D is the distance between ionic group, C is the polymer concentration, and LB is
Bjerrum length for a solvent defined38 as;
!" =

%&

(1.6)
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where e is charge of ionic groups, ε0 is permittivity of vacuum, εr is dielctric constant of
the medium, KB is Boltzman constant, and T is temperature.
The strength of electrostatic interaction is determined by Bjerrum length, which is
distance between two charges at which Columbic energy is equals to the thermal energy.
The conformation of ionomer in solution is determined by magnitude of Le.36,37 If Le > D,
ionic aggregates are formed, however, for Le << D, the polymer chains behave as
Gaussian polymer chains in solution. Average size of the polymer chains scales with N1/2
where N is the degree of polymerization. Depending on the polarity of the solvent the
behavior of ionomers can be tuned.
Conformations of ionomers in solutions are explored by experimental10,39-41 and
computational studies.42-45 Particularly, impact of ionic groups on chain conformation of
a single chain of PSS with varying ionic fractions in different solvents is probed by
several groups.43,44,46-50 For example, Xie et al.46 have studied a single chain in implicit
poor solvent and have shown that radius of gyration of polymer chains increases as the
sulfonation fraction increases. Carrillo et al.48 have further explored the single chain PSS
in water where they observed that PSS chain adopted an elongated conformation with
increasing sulfonation fraction. Collapsed conformation of short chain PSS for lower
sulfonation and extended conformation with ionic groups in outer side in aqueous solvent
were observed by Park et al.50 These studied have revealed that ionic groups are critical
even for a single chain of polymers.
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1.4 Thermodynamics of Polymers Mixing
Mixing of polymers is controlled by a balance of entropic contributions and
enthalpic effects.34 These thermodynamics properties of polymers are described by FloryHuggins lattice model34 based on mean field theory for a system of mixing two species A
and B. The entropy of mixing is given by

∆"#$% = -)*

+
,-

./∅ +

23+
,4

ln (1 − ∅)

(1.7)

Where ϕ and (1-ϕ) are the volume fractions of monomers of A and B, NA and NB are the
numbers of lattice sites occupied by A and B, and KB is Boltzmann constant. Entropy of
mixing always favors for mixing whereas energy of mixing can be either promote
(negative) or opposing (positive) mixing. Energy of mixing per lattice site in term of
mean of filed approximation is given by
∆"#$% = '((1 − ()-. /

(1.8)

Where χ is the Flory-Huggins interaction parameter and T is temperature.
The Helmholtz free energy of mixing is given by
Δ"#$% = Δ(#$% -*Δ+#$%

= !" #
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The first two terms capture entropy of mixing while the last term arises from energy of
mixing. As describe Flory-Huggins interaction parameter between polymer and solvent in
equation 1.2, interaction energy between A and B monomers of the nearest neighbors is
given by

!"# =
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(1.11)

where "#$ , "## , and !"" are the interaction energies of A-B, A-A, and B-B respectively.
If !"# <<1 (negative), attraction between the segments, polymers favor for mixing with
single phase. If !"# >>1 (positive), net repulsion, phase segregation occursto minimize
the contact between A and B segments.
Flory-Huggins interaction parameter can be explained as a function of
temprature34
&

! " ≅$+'

(1.12)

Where constant A is temperature independent which represents the entropic contribution
to the χ, B is temperature dependent enthalpy contribution.

Figure 1.4 A schematic for different architectures of BCP. Reproduced from (Bates, F.
S.; Hillmyer, M. A.; Lodge, T. P.; Bates, C. M.; Delaney, K. T.; Fredrickson, G. H.
Science 2012, 336, 434-440.) Copyright (2012) Science.
1.5 Block Copolymers
Block copolymers (BCP) are macromolecules where two or more chemically
distinct blocks are covalently tethered. Architecture of BCP can be different depending
on both chemical compositions and connections topology as shown in Figure 1.4.51
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Linear, star, comb, and brush polymers are among some of the topologies of BCP. BCP
are classified by adding number of constituent blocks (n) such as n =2, 3, 4, 5… diblock,
triblock, tetrablock, pentablock and so on. The interest in these polymers arises mainly
from the incompatibility between blocks which results self-assembly into a variety of
ordered mesoscopic structures.

Figure 1.5 (a) Phase diagram of BCP and (b) Structure of BCP spherical in bodycentered cubic arrangement, hexagonally packed cylinder, bicontinuous, and lamellae as
function of volume fraction of blocks Reproduced from [Bates, F. S.; Fredrickson, G. H.
Physics Today 1999, 52, 32-38], with the permission of the American Institute of Physics.
1.6 Phase Behavior of BCP
The phase behavior of BCP, described by the mean field theory as shown in
Figure 1.5a52,53 depends on the volume fractions of distinct blocks, the balance of
enthalpy and entropy, and the degree of segregation χN where χ is Flory-Huggins
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interaction parameter, and N is the polymerization number. Each blocks of BCP have
tendency to reduce the number of energetically unfavorable contacts between them.
Therefore, BCP have a fascinating ability to self-assemble into ordered structures such as
cylindrical, bicontinuous, and lamellar. Some of these structures are shown in Fig. 1.5b54
1.7 Glass Transition Temperature (Tg) of Polymers
The temperature at which amorphous solid polymers start to move upon heating is
defined as the glass transition temperature (Tg). At temperatures below Tg, a glassy state
exists where thermal motion is limited to the size of the monomer.55 The glass transition
occurs over a broad temperature range in contrast to melting (Tm) where a sharp phase
transition takes place as shown schematically in Figure 1.6

Figure 1.6 Temperature a function of volume plots for (a) amorphous and (b) crystalline
solids.55
1.8 Polymer Dynamics
Polymer dynamics includes diffusion of polymers as well as local segmental
motion. It differs from that of small molecules in the fact that polymers need to move
around constraints because the motion of a polymer molecule is significantly slow down
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by topological constraints.34 Dynamics of polymers in melts is described by Rouse56 and
Reptation model.57 Figure 1.7 describe the basic understanding of polymer dynamics for
Rouse and reptation models.34,58 On the very first short time scale, motion of polymer
chains move freely. For the time scales shorter than the relaxation time of an
entanglement (te) motion of polymers shows Rouse-like behavior along a random walk
path. On the longer time scales t > te, topological constraints restrict polymer motion to
the confining tube diameter (a), where the t1/2 power law becomes a t1/4.

Figure 1.7 A schematic plot for time dependent of the mean-square displacement for the
short, un-entangled and long, entangled chains.34,58
1.8.1 Rouse Model
The dynamics of polymer chain shorter than the entanglement length (topological
constraint of molecular motion by other chains) is described by the Rouse model for short
times in which the polymers are defined as beads connect with spring.34,56 This model
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describes the motion of a polymer in terms of Gaussian distribution of N number of
monomer beads attached to N-1springs as shown in Figure 1.8.
The diffusion coefficient of the Rouse chain, DR, is given by

!" =

$%&

(1.13)

'(

where, ζ is friction coefficient. The Rouse time, "# , is given by
!" =

"%
&'

=

"%
( ) * /(-.)

=

. -" %

(1.14)
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where, R is end to end distance of polymer. Since N is proportional to the molecular
weight, M, we get DR ~ M-1 and !" ~M2 for Rouse model.

Figure 1.8 A schematic of a Rouse polymer chain.34
1.8.2 Reptation Model
Reptation model describes the motion of an entangled polymer chain primarily
along its own contour in a snake-like manner, while the lateral motion of the chain is
restricted to a tube diameter due to the presence of neighboring chains34,57 as shown in
Figure 1.9.
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Figure 1.9 Schematic of constrained polymer chain repeating in a tube.34
The time taken for a chain to move completely out of its original tube of average length,
< L >, is the reptation time, τrep, which is given by
!"#$

< ( >*
,- * . /
,- * * .
=
=
=
.
+
01 2.#
01 2 # .#

/

(1.15)

where, b is the Kuhn length, Ne is the number of monomers in entanglement length, and
D is the diffusion coefficient. According this model, D ~ M-2 and τrep ~ M3.
1.8.3 Fickian Diffusion
Diffusion of small molecules through the polymers is described by Fickian
diffusion59 which is affected by thermal fluctuation and any concentration gradients. Fick
derived the basic two laws of diffusion in simple liquids. Fick’s first law describes the
time independent flux and Fick’s second law describes the time dependent flux.
Size of a diffusing particles and their interactions impact the diffusion process
which is captured by Stokes- Einstein equation. The relation between the diffusion
coefficient (D) and friction coefficient (! = 6$%& ) of the particle in the medium is given
by Einstein equation.

"=

$%&

(1.16)

'()*

where R is the particle radius and " is the viscosity of liquid.
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1.8.4 Diffusion of Solvents into Polymers
Fickian type of diffusion depends on the degree of structural rearrangements of
polymer and interactions between the polymer and the solvent/melt itself. Type I, type II,
and anomalous diffusion are classified according to solvent diffusion rate in comparison
with polymer relaxation rate.60 The amount of solvent absorbed per unit area of polymer
at time t, Mt is given by
"# = %& '

(1.17)

where k is a constant and α is parameter related to the diffusion mechanism, the value of
which lies between 1/2 and 1.
When the solvent diffusion rate is much slower than relaxation rate of polymer
segments, the diffusion is described by Type I diffusion, in which the amount of solvent
absorbed per unit area of polymer increases as a function of t1/2. This type of diffusion is
observed in polymer networks when the temperature is above the Tg. Type II diffusion is
expected when the diffusion rate of solvent is fast so that there is no time for the polymer
to relax before the solvent goes through the matrix. Such processes are characterized by
t1. When solvent diffusion rates and relaxation rates occur on the same time scale, the
diffusion is called anomalous diffusion.59,60
1.9 Ionic Block Copolymers
Ionic block copolymers, where one of the block contains ionizable group, exhibit
properties of both ionomers and block copolymers. Incorporating ionic block into copolymer provides the potential for new morphologies and tailor transport properties.
These polymers lead to several self-assembled structures where ionic domains and
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hydrocarbon domains are formed.61-63 Ionic aggregates formed from these material
exhibit higher stability and durability due to highly incompatibilities between the blocks.
Therefore, they are of great interest in alternative to ionomers for the various applications
particularly in clean energy.64,65
Assemblies of copolymers often serve as precursors for casting membrane, where
the morphology of the aggregates controls the structure and dynamics. The shape and
stability of aggregates are affected by various factors such as change in molecular
architecture and composition, and solvent environments. Several studies63,66-78
haveprobed the phase segregation and self-assemblies of ionic di and tri block copolymer
for example, Guenoun et al.74 have studies the micellar morphology of poly (tertbutylstyrene)-b-sodium poly (styrenesulfonate) in water. They have observed spherical
micelles with PtBS cores and NaPSS coronas.

Sumpter et al.75 observed the self-

assembly of sulfonated polystryrene-b-fluorinated poly-isoprene (sPS-b-fPI) in aqueous
media. They showed that novel tapered rods and ribbon-like micelles are formed due to a
distribution of sulfonation sites. Balsara and coworkers67,79 have probed systematically
the impact of the block compositions on phase behaviors of poly(styrenesulfonate)-bpoly(methyl butylene) co-polymer in melts using Monte Carlo Lattice Simulations. They
have observed that these co-polymers show strong micro-phase separation between ionic
and nonionic domains. Weiss et al.61 for example, have shown nanoscale phase
segregation of ionic domains with 30 - 40 Å and non-ionic domains on sulfonated
poly(styrene-b (ethylene-r-butylene)-b-styrene) with low sulfonation level (~20 %) using
X-ray scattering.
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Increasing the topological complexity by tailoring multiple blocks with
significantly different chemistries can provide the pathways to form stable
multifunctional polymers. Among the different efforts to increase the complexity of
polymer by adding additional hydrophobic blocks, for example, Kraton Polymer LLC has
designed the topological controlled copolymer with a center ionic blocks surrounded by
additional hydrophobic blocks.
1.10 Pentablock Copolymer
One of such topological controlled polymers is pentablock copolymer (ABCBA)
which consist of randomly sulfonated polystryene in the center as ionizable blocks and
tethered with ethylene-iso-propylene as flexible block and terminated on both sides by
poly-tert- butyl styrene as end block as shown in Figure 1.10. Flexible blocks provide
ability to rearrange the polymer structure. A terminated block on both sides contributes to
mechanical stability.

Figure 1.10 Chemical structure of poly(t-butyl-styrene)-b-ethylene-r-propylene-bstyrene-r-styrenesulfonate-b-ethylene-r-propylene-b-poly(t-butyl-styrene) molecule.
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In the previous experimental studies80-88 of sulfonated pentablock copolymers,
Geise et al.80 have characterized the water and salt transport in sulfonated pentablock
copolymer. They found that water uptake, water permeability, and salt permeability
increase with increasing the degree of sulfonation.

From solution studies of this

polymer87-89 for example, Choi et al.89 and Etampawala et al.88 have revealed the variety
of micellar shapes including spherical and elliptical core-shell arrangements. Probing the
parent solutions by X-ray scattering techniques further explored the membranes that
show discrete ionic microdomains within hydrophobic matrix.82
The molecular level understanding of balancing between the characteristics of
distinct blocks in different solvent environments, and impacting of ionizable block on
structure and dynamics remain open questions despite enormous efforts. Therefore, from
single chain to micelle to membrane and ultimately to the thin films of pentablock were
carried out using atomistic molecular dynamics (MD) simulations.
This dissertation is organized as follows. Chapter 2 will introduce the basic
concept of molecular dynamics simulation techniques which is used for all studies as
methodology. Chapter 3 focuses on the conformation of single chain for one sulfonation
fraction in water and in the mixture of cyclohexane/heptane. Chapter 4 further extends
the single chain studied with varying sulfonation fractions in both water and mixture of
cyclohexane/heptane solvents. Chapter 5 explores the micellization of pentablock in
different solvent environments. Chapter 6 reveals impact of ionic segments on structure
and dynamics of pentablock melts. Chapter 7 shows the water penetration into thin film
of pentablock. Chapter 8 will be overall summary of the research.
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CHAPTER TWO
METHODOLOGY: MOLECULAR DYNAMICS SIMULATION
The structure and dynamics of ionic pentablock co-polymers were probed using
molecular dynamics (MD) simulations. MD is a numerical technique where particles
interact and move as a function of time according to Newton’s equation of motion.
Therefore, it is applicable to predict the time evolution of systems. Particularly, time
dependent properties including macroscopic and segmental dynamical processes and
transport properties can be measured by MD.1-3 Here the basic details of the molecular
dynamics simulation method are presented.
2.1: Newton’s Equation of Motion
In a MD simulation, the positions and velocities of the all particles in the system
propagate in time according to Newton’s equations of motion1,2,
!" = $" %"

(2.1)

where Fi is the force applied on the particles i, mi is the mass of the particle i, and ai is the
acceleration of particle i. The force Fi on each particle can be stated as the gradient of
potential energy,
!" = -∇" &

(2.2)

where U is the potential energy of the system. The potential energy of a particle is a result
of its interactions with other particles and any external field.
Since, the acceleration !" =

$ % &'
$( %

, Newton’s second law can be rewritten as

!" = %"

& ' ()
&'*
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(2.3)

From equations 2.2 and 2.4,
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This equation is solved using the ‘velocity-Verlet’ integration scheme1,4,5, where the
position ri and velocity vi of each particle is updated at " + ∆",
(
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From equations 2.6 and 2.8,

! " + ∆" = ! " +

'
(

∆" ) " + ) " + ∆"

(2.9)

A simple flow chart as shown in Figure 2.1 describes the basic algorithms of MD.
Initially, the positions and velocities of all the particles are assigned in a simulation box.
The total force on each particle is calculated and then the equation of motion is solved
using the velocity-Verlet algorithm. New positons and velocities are generated for each
particle. The MD loop repeats every time step.1,3
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Figure 2.1 A flow chart for the basic MD algorithm.
2.2 Force Field
The potentials that describe the interactions are crucial for the representation of the
system in any simulation. Here the pentablock and cyclohexane/heptane solvent
molecules were modeled using the Optimized Potentials for Liquid Simulations - All
Atoms (OPLS-AA)6,7 with sulfonated groups8-10 and updated parameter for alkanes.11
The OPLS-AA potential is composed of following terms6,7;

!"#$% = !'('-*('+,+ + !*('+,+
"#$%&'& = "#$%& + "*%+,' + "-$./0$%
"#$#-&$#'(' = "*(##+,'--$#(. (*-) + "2$34$5&67
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where rij is the distance between atoms i and j, "#$ is the LJ energy and σij is the LJ
diameter for atoms i and j, qi and qj are their partial charges, and !" is permittivity of free
space. Atoms for different species are assigned by using Geometric mixing rules:

!"# = !" !#

1/2

and !"# = !" !#

1/2

. The attractive 1/r6 term is the potential energy due to

the induced dipole-dipole (dispersion forces) interaction. The repulsion 1/r12 term
prevents atoms from overlapping at short distances. Figure 2.2 shows a plot of the LJ
potential energy between two particles. At infinite distance particles do not interact. As
two particles come closer the interaction between particles is attractive. At a distance rm
(m stand for minimum), the interaction potential has a minimum. When the distance
between the particles is smaller than rm, the interaction between particles is repulsive.1,12

Figure 2.2 Lennard-Jones potential.
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The range of the Lennard-Jones potential is infinite. Since the number of atomic
pairs separated by a distance r grows as r2, calculation of the force between two atoms
become increasingly more expensive for large r. To overcome this challenge, the nonbonded potential is truncated at a distance rc, referred to as the cutoff, beyond which all
the interactions are ignored. For atomistic simulations, the cutoff is usually chosen to be
between 10-16 Å. In the present studies, all LJ interactions are truncated at rc = 12 Å. For
atom pairs, all electrostatic interactions closer than 12 Å are calculated in real space and
beyond this range are calculated in reciprocal space by using the particle-particle particlemesh algorithm (PPPM) with precision of 10-4.13 In the OPLS-AA frame work, bonded
interaction between nearly atoms the same chain consist of bond, angle and dihedral
interactions.6,7 The bond potential is modeled as harmonic potentials of the form,

!"#$% &'( = *+ &'( -&-

.

(2.12)

where r0 is the equilibrium bond length and Kr is force constant. Similarly, the three-body
angle potential between atoms (!, #, $ ) is also described as harmonic potentials of the
form,

!"#$ &'() = +, &'() -&.

/

.

(2.13)

Here θijk is the angle between the vectors rji and rjk, and θ0 the equilibrium value of the
angle. The torsional component of the OPLS potential is given by
!"#$ ∅ =

+

'(

,-. )

1 − −1 , 123(5∅)
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(2.14)

where, ϕ is the dihedral angle and kn is coefficient in the Fourier series.
2.3. Preparation of Polymers and Solvents
The system of studied polymer here is the pentablock molecules (A-B-C-B-A) with a
total molecular weight of ~ 50,000 g/mol. It contains randomly sulfonated atactic
polystyrene in the center block (C) connected to polyethylene with randomly substituted
1.1% propylene (B) and terminated both side by atactic poly-t-butyl styrene (A) as shown
in Figure 1.8. The total wt% of C is ~40%, while each of the B is ~20% and each of A is
~10%. Na+ as counterion is used in all cases. The pentablock molecules and 1:1 mixture
of cyclohexane/heptane molecules were built separately in Accelrys Materials Studio©
with Polymer Consistent Force Field (PCFF).14 The material studio data is converted to
Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) data files with
OPLS –AA interaction potentials using an in-house conversion code. The TIP4P/2005
water model15 is used for water, where O-H bond length and H-O-H angle of water were
constrained by SHAKE algorithm.16,17
All simulations were carried out using the LAMMPS classical MD code.18
Velocity-Verlet algorithm is applied to integrate the Newton equation of motion. To
accelerate simulation, the reference system propagator algorithm (REPSA)19 with multitimescale integrator with a time step of 1.0 fs for the bond, angle, dihedral, van der Waals
interactions and depending on the temperature, a time step of 2.0 or 4.0 fs for long range
electrostatic interactions was used. All simulations were carried out with periodic
boundary conditions. A Langevin thermostat20-22 for constant volume systems with a 100
fs damping constant was used to maintain the temperature of the system. To equilibrate
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the system, the Nose-Hoover barostat23,24 and thermostat was used with the same
damping constant.
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CHAPTER THREE
PHASE BEHAVIOR OF A SINGLE CHAIN OF STRUCTURED IONOMER CHAINS
IN SOLUTIONS
Abstract
Structured polymers offer means to tailor transport pathways within mechanically
stable manifolds. The building block of such a membrane is examined, namely a single
large pentablock co-polymer that consists of a center block of a randomly sulfonated
polystyrene, designed for transport, tethered to poly-ethylene-r-propylene and end-capped
by poly-t-butyl styrene, using molecular dynamics simulations. The polymer structure in
a cyclohexane-heptane mixture, a technologically viable solvent, and in water, a poor
solvent for all segments and a ubiquitous substance is extracted. In all solvents the
pentablock collapsed into nearly spherical aggregates where the ionic blocks are
segregated. In hydrophobic solvents, the ionic block resides in the center, surrounded by
swollen intermix of flexible and end blocks. In water all blocks are collapsed with the
sulfonated block residing on the surface. Our results demonstrate that solvents drive
different local nano-segregation, providing a gateway to assemble membranes with
controlled topology.
Introduction
Structured ionic polymers are in the core of innovative technologies where
controlled transport is desired. Examples include clean energy production,[1,
storage[[3,

4]]

as well as actuators[5,

6]

and drug delivery.[7,

8]

2]

and

Enhancing molecular

complexity of the polymers, via incorporating function enabling segments while
controlling their phase behavior presents an immense step towards designing controlled
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transport systems. Incorporating highly incompatible groups, such as ionic blocks into a
hydrophobic polymer, however, results in a new set of challenges to control miscibility
and long range correlations that offer mechanical stability. The ionic segments often
enhance the glass transition temperature of the polymers, making solvent casting the
method of choice for membrane preparation. In contrast to neutral, van der Waals
polymers, the ionic blocks tend to associate posing kinetic barriers to formation of
equilibrium structured membranes. Controlling the structure and dynamics of the
individual polymer molecule in solution becomes imperative to controlling assembly into
membranes. Here we probe the conformation of a single molecule of structured copolymer that consists of a centered ionic group tethered to an aliphatic block and
terminated by bulky group, in solutions of four solvents, using atomistic molecular
dynamics (MD) simulations. We show that the nature of the polymer results in phase
segregation within one large molecule of molecular weight of 50,050 g/mol that hold a
key to understanding the association of molecules into membranes.
The realization that topology affects polymer properties is of particular significant
in the presence of ionizable groups has driven significant efforts, revealing a rich
manifold of control factors. In contrast to semi flexible and flexible polymer solutions,
there is hardly any insight into solution structure of ionic structures polymers.[9, 10] Most
studies have focused on membranes showing that the topology of the polymers impacts
the formation of transport pathways, however impact the stability of the membranes.
Among the most significant factors for homopolymers have been the degree and
distribution of ionizable groups. Zhang et al.[11] for example have carefully mapped the
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degree and distribution of ionic groups along the backbone of sulfonated polystyrene.
Qiao and Weiss[12] have shown that this distribution affects the rheology of the polymers.
Further complexity has been introduced via crosslinking of the polymers as demonstrated
by Kim et al.[1] Tailoring polymers with multiple blocks has been one of the most
promising pathways to form mechanically stable transporting systems. In this frame,
block copolymers that contain ionizable or ion transporting blocks are of particular
interest since the incompatibility between individual blocks drives the formation of
structured materials with domains that facilitate transport and hydrocarbon domains that
enhance mechanical stability. Recent studies

[13-16]

have demonstrated the potential of

ionic co-polymers for energy storage and correlated morphology with transport. Wang et
al.[14] measured the ionic conductivity and degree of hydration of model membranes
composed of polystyrene sulfonate-b polymethybutylene copolymers and their
imidazolium salts, demonstrating morphology-hydration-transport correlations.
Despite an immense effort, one significant challenge remains that under the
conditions in which ionic transport is optimized, the mechanical and chemical stability of
polymers are often compromised. With the rational of tailoring highly transporting blocks
with segments that control mechanical stability, a number of co-polymers have been
designed. As the complexity of the copolymer increases, the ability to tailor properties is
enhanced, though extracting the correlations between the chemical structures of the
polymers, their phase structure, and their characteristics becomes a challenge.[17]
The current study probes the fundamental building block of structured ionic
polymer membranes, namely the molecular structure of the structured polymers in
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solution, using MD simulations. Specifically we probe a pentablock, A-B-C-B-A, copolymer that consists of an A block of poly(t-butyl-styrene), a B block of ethylene-rpropylene and a C block of a randomly sulfonated styrene, in a variety of solvents. The
end poly(t-butyl-styrene) blocks, free of sulfonation, are designed to enhance mechanical
strength. The flexible ethylene-r-propylene blocks provide additional means to prevent
brittleness in a dry condition, while the sulfonated styrene facilitates ion transport. As
ionic polymers exhibit high glass transition temperatures, solution casting is often the
pathway to formation of functional membranes. The interactions within the co-polymer
and the interactions of each of the blocks with the surrounding solvent determine the
conformation of the polymer and hence impact their assembly into membranes. Here we
resolve for the first time the structure of a single co-polymer in solution. We demonstrate
that its overall conformation is dictated by the ionic segment segregation.
Previous studies of this pentablock using small angle X-ray scattering and
transmission electron microscopy,[18-21] concluded that for all sulfonation levels, spherical
micelles are formed in 11 Wt% cyclohexane/heptane mixtures, with a core of the
sulfonated styrene and a corona of solvated flexible and end blocks. Recent water
transport studies have shown that water sorption and absorption increase with increasing
sulfonation levels as expected.[21] As the industrial process to form such membranes is
solvent casting, and the three different blocks are of different nature with different Tgs
and verification temperatures, controlling the structure in solution is a key element in
understanding formation of a membrane.
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Model and Methodology
Molecular dynamics simulations of an ionic pentablock were carried out using
Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).[22] The single
pentablock, sulfonated groups[23-25] and solvent molecules are modeled using the
Optimized Potentials for Liquid Simulations all atoms (OPLS-AA) framework of
Jorgensen et.al.[26, 27]. Non-bonded interactions are calculated between all atom pairs of
different molecules and all pairs on the same molecule separated by three or more bonds,
though the interaction is reduced by a factor of 1/2 for atoms separated by three bonds.
All Lennard-Jones interactions are cut-off at rc = 12 Å. For atom pairs, all electrostatic
interactions closer than 12 Å are calculated in real space; those outside this range are
calculated in reciprocal Fourier space by using the particle-particle particle-mesh
algorithm (PPPM)[28] with precision of 10-4.
The Newton equations of motions were integrated using a velocity-Verlet
algorithm with a time step δt =1 fs for the implicit solvent and for the cyclohexaneheptane and water simulations. The reference system propagator algorithm (REPSA)[29]
with multi-timescale integrator with a time step of 1.0 fs for the bond, angle, dihedral,
van der Waals interactions and direct interactions part of the electrostatic interactions and
a time step 4.0 fs for long range electrostatic interactions was used to accelerate the
simulation. To maintain the system temperature a Langevin thermostat with a 100 fs
damping constant was used for all of the runs in implicit solvents and for the constant
volume runs of the explicit solvents. The pentablock molecule and 1:1 mixture of
cyclohexane and heptane molecules were constructed separately using Polymer Builder
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and Amorphous Cell modules in Accelrys Materials Studio©[30]. The pentablock copolymers were merged with the solvent, and the systems were equilibrated initially at
constant pressure and temperature using a Nose-Hoover thermostat with the same
damping constant.
Simulations were carried out for two explicit solvents, water modeled by
TIP4P/2005 model[31] and a 1:1 mixture of cyclohexane and heptane molecules described
by OPLS and two implicit, poor solvents. For the two implicit solvent simulations, all the
interactions between atoms on the pentablock molecule were cutoff at radius rc = 12 Å.
To model water, we set the dielectric constant ε=77.7 while ε=1.0 for a vacuum. The
single pentablock molecules were initially fully stretched and collapsed at 300K.
However, this led to a metastable which was effectively frozen over the accessible
simulation times. Therefore, each pentablock was heated in an implicit poor solvent to
500K, ran from 15 ns and then cooled back to 300K and run for an additional 20 ns. To
simulate the pentablocks in explicit solvent we first equilibrated systems of 256000 water
molecules and a 1:1 mixture of 21600 cyclohexane molecules and 21600 heptane
molecules at 300K in a cubic simulation cell. Periodic boundary conditions were used for
all explicit atom simulations. Overlapping atoms that resulted from merging the
pentablock molecules and the explicit solvents were removed by running for a few
thousand steps with the fix NVE/limit routine in LAMMPS. We ran the water system for
20 ns and mixed solvent system for 30 ns at 500K and then cooled each to 300K. Each
system was then run for 30 ns at constant pressure with P = 0, followed by a run of 20 ns
at constant volume. The dimensions of the simulation cell after equilibration at T=300K
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was L = 19.6 nm for water and 21.8 nm for the mixed solvent, sufficient to prevent
interaction of pentablock with its periodic image. Results for the radius of gyration versus
time during this thermal annealing are shown in Figure 3.1 for the pentablock in water
and mixed solvent. The relaxation time of the radius of gyration autocorrelation function
for ~ 2 ns for water and ~3 ns for the mixed solvent for both T = 300 and 500K.

Figure 3.1 Radius of gyration as the function of time for pentablock in mixture of
cyclohexane and heptane (squares) and in water (circles) at 500K and then at 300K. Left
y axis for mixture of cyclohexane and heptane and right for water.
Using fully atomistic MD simulation we probe the conformation of the
pentablock A-B-C-B-A of total molecular weight of 50,050 g/mol containing randomly
sulfonated atatic polystyrene in the center block (C) tethered to polyethylene with
randomly substituted 1.1% propylene (B) and end-capped by atactic poly-t-butyl styrene
(A). The total wt% of the center sulfonated block is ~40% with a random sulfonation
fraction f = 0.30, while each of the randomly substituted polyethylene blocks is ~20% and
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each of poly-t-butyl styrene blocks is ~10%. Total number of monomers for the A-B-CB-A pentablock studied here is 1467 (30+617+173+617+30). For f = 0.30, 52 of 173 PS
monomers in the center blocks are randomly sulfonated. The counterion in all the
simulations was Na+. The results show that a unimolecular aggregates with well-defined
hydrophilic and hydrophobic regions are formed where the interplay of solvent-polymer
interactions and polymer-polymer interactions control the phase behavior and
conformation of the individual blocks.
A mixture of cyclohexane and heptane, which is used industrially to cast films
and water, among most ubiquitous substances, are studied. While water is a poor solvent
for this polymer, similar to Nafion™,[32] membranes take up significant amounts of water
and under high-pressure, high temperature conditions are dissolved in water-alcohol to
form colloidal solutions. The polymer is initially equilibrated in implicit solvents, i. e. a
solvent modeled by an interaction parameter and a dielectric constant and then transferred
to explicit solvents, cycling the temperature in a closed system, above the glass transition
temperature of the polymer to equilibrate the chains. Results of simulations in
cyclohexane heptane mixture and in water are compared to those in an implicit poor
solvent with dielectric constant ε=1.0 and 77.73. ε =1.0 is the value for a vacuum where
no screening occurs and ε= 77.73 is chosen to match the dielectric constant of water.
Here we utilize an atomistic description of the solvents which is computationally
expensive, coupled with implicit solvents. While implicit solvents do not carry the
chemical details of the solvents, they adequately describe most properties and allow
tunability of the interaction of the polymer and solvent in a manner that is not accessible

42

experimentally. Requiring less computational resources implicit solvents allow longer
simulations, expending the range of conditions that can be realistically probed. Most
importantly, a large temperature range is accessed and universal guide lines for the range
of dielectric constants necessary to drive desired structures are attained.
High pressure-temperature conditions or extremely long dissolution times of
weeks are required to experimentally dissolve this polymer in water. Here preparation
follows the experimental temperature cycling in a closed system. To address one of the
most critical aspects of polymers in both experiments and simulations, attaining
equilibrium, the pentablock was heated to 500k and cooled back to 300K, resulting in a
significantly more compact structure than collapsing the chains directly at 300K. We
consider these more compact systems, obtained from heating to higher temperature and
cooling back to 300K, closer to equilibrium and then the structure obtained by directly
collapsing at 300K. All results in this paper were obtained in this manner for both explicit
and implicit solvents.
Results and Discussion
Snapshots of the pentablock, the center block and a sulfonated PS chain identical
to the center block in water are shown in Figure 3.2 at T = 300 and 500K. At all
temperatures, the polymer collapses into a unimolecular aggregate with a spherical
symmetry with a clear segregation into hydrophilic and hydrophobic regions with no
solvent in the core. This phase segregation to ionic blocks and the rest of the polymer
provides the first insight into internal phase segregation. Additionally, we found that the
connectivity of polymer impacts the conformation of the ionic blocks. The structure of
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the ionizable segment is compared with a randomly sulfonated polystyrene (PSS) chain
identical to that of the center block in Figure 3.2b, c. This visual observation is confirmed
by comparing the ratio of the highest to lowest eigenvalue of the moment of inertia
tensor, which at T = 300 K is 2.5 for the ionic center blocks and 1.4 for the PSS chain. A
similar set of snapshots for the two implicit poor solvents with ε =77.73 and 1.0 are
shown in Figure 3.3 and 3.4.

Figure 3.2 Snapshots of (a) pentablock, (b) center block of pentablock, and (c) sulfonated
PS for f = 0.30 in water at T=300 and 500K. The end block is shown in orange, flexible
block in green, middle block in blue, oxygen atoms in red, sulfur atoms in yellow and
sodium atoms in gray.
In water and in the two implicit solvents all three blocks are collapsed as shown in
Figure 3.5. The overall density of the core is uniform as shown in Figure 3.6. In water the
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ionic groups reside almost completely on the outer surface. The conformation of the
pentablock and a sulfonated PS chain in water similar to that in the implicit poor solvent
with ε = 77.73 where the ionic groups also reside on the outer surface. These results are
in good agreement with those of Carrillo and Dobrynin[9] who reported that sulfonated PS
chains in water and in the implicit poor solvent for ε = 77.73 form a globule-like
conformation with all sulfonated groups located on the outer surface and the benzene
rings of the styrene forming the inner surface.

Figure 3.3 Snapshots of (a) pentablock, (b) center block of pentablock and (c) sulfonated
PS for f = 0.30 in an implicit poor solvent with ε =77.7 at T=300, 400, 500 and 600K.
Upon heating the system, the pentablock in water as well as for the two implicit
solvents expands with most of the increase in size coming from expansion of the outer
and middle blocks. The center block and sulfonated PS are much less temperature
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sensitive. At all temperatures, phase segregation of the hydrophobic and ionic blocks is
observed, where the open structures at higher temperatures point towards a state where
interpenetration of the hydrophobic parts to form a steady network is more likely. The
effects of temperature on the mean square radius of gyration <Rg2>1/2 of the pentablock,
the center sulfonated block and the PSS chain are shown in Figure 3.7 for both the two
implicit solvents in comparison with water. The polymer in cyclohexane/heptane follows
similar trends however it is highly swollen and is discussed separately.

Figure 3.4 Snapshots of (a) pentablock, (b) center block of pentablock and (c) sulfonated
PS for f = 0.30 in an implicit poor solvent with ε =1.0 at T=300, 400, 500 and 600K.
For both values of ε, <Rg2>1/2 of the entire pentablock increases with increasing
temperature. Similarly, <Rg2>1/2 of the center block and PSS chains of the same length,
increases monotonically as the temperature increases for ε=77.73. These solutions behave
as expected for ionic polymers in polar solvents such as water. However, for ε = 1.0,
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<Rg2>1/2 of the entire pentablock, the center block of the pentablock and PSS, depends
only weakly on the temperature.

Figure 3.5 Snapshots of pentablock for f = 0.30 at T = 300K (a) in water, (b) in a 1:1
mixture of cyclohexane and heptane, (c) in poor solvent with ε = 77.73, and (d) in poor
solvent with ε = 1.0.
A comparison between the dimensions of the homopolymer PSS solution and that
of the center block show that the homopolymer is smaller than the center block bound in
the pentablock, independent on ε. It is also significantly less sensitive to temperature
variation. This dimension difference is attributed to the impact of the hydrophobic blocks
that are strongly affected by temperature and essentially are pulling on the ionic segment.
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Figure 3.6 Density of pentablock as a function of distance from the center of mass for
f=0.30 at 300K in water (blue-up triangles), poor solvent with ε =1.0 (black-squares)
and ε =77.7 (red-circles) and cyclohexane/heptane (green-down triangles).
To further understand the impact of the interactions with solvents, the pentablock
was immersed in a 1:1 mixture of cyclohexane and heptane which is a good solvent for
the flexible and end blocks. In this case, as seen in Figure 3.5b both the flexible and end
blocks are extended while the center ionic block is collapsed. As a function of
temperature, <Rg2>1/2 for the entire pentablock is 18% larger at T=500K compared to
300K while the center block and PSS chain by less than 2%. Note that in all four solvents
the ionic block remains collapsed where the distribution and conformation of the center
and end blocks vary offering different topological building blocks for membrane
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Figure 3.7 Square root of the mean square average radius of gyration of pentablock
(squares), center sulfonated PS block of pentablock (circles), and sulfonated PS
(triangles) as a function of temperature. Closed symbols represent results for ε=1.0 and
opened symbols for ε = 77.7. Results for pentablock in water are shown as stars.
The distribution of the sulfur and sodium atoms from the center of mass of the
entire pentablock is shown in Figure 3.8. The majority of the sulfur atoms reside on the
outer surface of the collapsed pentablock for both water and implicit poor solvent with ε
= 77.73, as shown in Figure 3.8a, though the segregation to the surface is significantly
larger in water. For ε =1.0 most of sulfur atoms are distributed closer to center of mass.
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This result is consistent with the conformations shown in Figure 3.5 in which most of the
sulfur atoms are on the outer surface in water and implicit poor solvent with ε =77.73.
This result also shows that most of the sulfur groups are on outer surface. Figure 3.8b
shows the distribution for the sodium counterions for the three solvents. For water and
poor solvent with ε =77.73, the sodium atoms are more widely dispersed compared to the
case with ε=1.0 as one would expect since the former two cases the Coulomb interactions
are screened. At 300K, in water only 10% of the Na+ counterions are condensed on a
SO3- sulfonated group. For the two implicit solvents the fraction increases to 25 and
100% for ε = 77.73 and 1.0 respectively.
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Figure 3.8 Density distribution function from the center of mass of pentablock for (a)
sulfur atoms and (b) sodium atoms (b) at 300K in water (black) and in poor solvent with
ε = 77.73 (red) and ε = 1.0 (blue) for the entire pentablock.
This computational study resolved for the first time the structure of molecular
aggregate of a structured ionic polymer. These structures have been proven to be complex
to the extent that scattering experiments are limited in resolving the internal structure of
the aggregates, and in solutions sufficiently dilute at the detection limit of scattering. This
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dilute limit is essential for avoiding aggregation. Here we calculate the static structure
factor S(q), where q is the momentum transfer vector. To study the size and shape of
polymer chains, we calculated radius of gyration and structure factor S(q). Structure
factor is calculated using S(q)= |∑i bi exp(iq•ri )|2, where bi and ri are the scattering length
and position vector of atom i, respectively. All results for S(q) are averaged over 500
configurations with 500 different random q vectors for each q.

Figure 3.9 S(q) for f=0.30 at 300K as a function of q (a) pentablock in poor solvent with
ε = 1.0 (squares), in poor solvent ε = 77.73 (circles), in water (triangles) and in a 1:1
mixture of cyclohexane and heptane (down triangles). Data has been shifted vertically for
clarity. (b) pentablock (squares), center block (circles), flexible block (triangles), and end
block (down triangles) in poor solvent with ε = 1.0. Symbols represent the data and solid
lines represent the best fit to the models described in text.
S(q) of the pentablock in different solvents is shown in Figure 3.9a and b. The
structure factors exhibit a characteristic slope at intermediate q region shown by an
ellipse in Figure 3.9a and become structured at high q. The general shape of the scattered
object is determined from this intermediate q range where the slope of S(q) provides a
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first indication of the shape. We find that magnitude of the slopes increases from 3.5 to
3.7 as ε of the implicit solvent increase from 1.0 to 77.73. These slopes indicate that the
pentablock collapsed into a slightly aspherical object which becomes more spherical as ε
increases. In water and 1:1 mixture of cyclohexane and heptane, the slopes decrease to
3.0 and 2.7 respectively. The changes in presence of water are attributed to the structure
inversion i.e. hydrophilic ionic block exposed to water while hydrophobic blocks are
shielded. In the presence of mutually good solvent for flexible block and end blocks, the
center block is collapsed while flexible blocks float around the matrix. These behaviors
are further supported by the snapshots of pentablock as shown in Figure 3.5.
Further, insights of the structure are observed by fitting the data to an ellipsoid
core-shell form factor[33] which captured the characteristics of asymmetric and highly
interacting blocks in solvents. This form factor is capable of capturing the overall
symmetry. In an ideal core-shell model where the core surface is smooth and well defined
and the shell is homogenously distributed around the core, this ellipsoid presents an
excellent description of the system. In here however, with the presence of multiple
intertwined blocks, the visualization offered by computations in imperative to in depth
understanding of the structure as shown in Figure 3.9b, where the partial structure factors,
fits for elliptical models and visualization are presented for implicit poor solvent with ε =
1.0. The ionic block is collapsed to a slightly asymmetric shape captured by an elliptical
form factor, where the roughness is described by the shell. The end blocks and aliphatic
chains are interwoven and segregate from the ionic block. With increasing complexity of
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the polymers, and diversion from highly symmetric shapes, the visualization obtained
from computations is essential to resolve the structure.
Conclusion
A single chain of pentablock and sulfonated PS of the same molecular weight as
that of the center block has been studied as a function of solvent quality. All blocks of
pentablock are collapsed nearly spherical shape in water and in both implicit poor
solvents with ε =1.0 and ε =77.73. Pentablock in water is very close to that in the implicit
poor solvent for ε =77.73 where the ionic groups are on outer surface. The three different
blocks of pentablock segregate from each other in the 1:1 mixture of cyclohexane and
heptane. Both the flexible and end blocks in the 1:1 mixture of cyclohexane and heptane
are swollent while the center block is collasped. Comparing <Rg2>1/2 of the sulfonated PS
with that of the center block of the pentablock, <Rg2>1/2 of center block is slightly higher
than that of sulfonated PS. In both water and ε =77.73, center block of pentablock and
sulfonated PS chains are a globule-like conformation with all sulfonated groups located
on the outer surface and the benzene rings of the styrene forming the inner surface.
Similarly, the sodium counterions are more widely dispersed whereas for ε =1.0 the
counterions are largely condensed. The distribution of the sulfur atoms and sodium atoms
from the center of mass of the entire pentablock revealed that the majority of the sulfur
atoms are on the outer surface of the collapsed pentablock and sodium atoms are more
widely dispersed in both water and ε =77.73.
This study shows for the first time that the blocks of a single pentablock chain
locally phase separate into distinct regions depending on the solvent. By varying the
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solvent and temperature, the local morphology of membranes formed from by solvent
processing of these pentablocks can be varied depending on how readily the different
blocks can associate. Future studies are on underway to explore membranes and micelles
made from these pentablock molecules.
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CHAPTER FOUR
SOLVENT CONTROLLED ION ASSOCIATION IN STRUCTURED COPOLYMERS:
MOLECULAR DYNAMICS SIMULATIONS IN DILUTE SOLUTIONS

Abstract
Tailoring the nature of individual segments within ion containing block copolymers is one critical design tool to achieve desired properties. The local structure
including the size and distribution of the ionic blocks, as well as the long range
correlations are crucial for their transport ability. Here we present molecular dynamics
simulations on the effects of varying the concentration of the ionizable groups on the
conformations of pentablock ionomer that consist of a center block of ionic sulfonated
styrene tethered to polyethylene and terminated by a bulky substituted styrene in dilute
solutions. Sulfonation fractions f (0 ≤ f ≤ 0.55), spanning the range from ionomer to
polyelectrolytes, were studied. Results for the equilibrium conformation of the chains in
water and a 1:1 mixture of cyclohexane and heptane are compared to that in implicit poor
solvents with dielectric constants ε = 1.0 and 77.73. In water, the pentablock collapses
with the sulfonated groups on the outer surface. As f increases, the ionic, center block
increasingly segregates from the hydrophobic regions. In the 1:1 mixture of cyclohexane
and heptane the flexible blocks swell while the center ionic block collaspes for f > 0. For f
= 0 all blocks swell. In both implicit poor solvents, the pentablock collapses into a nearly
spherical shape for all f. The sodium counterions disperse widely throughout the
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simulation cell for both water and ε = 77.73 whereas for ε = 1.0 and mixture of
cyclohexane and heptane the counterions largely condense onto the collapsed pentablock.

Introduction
Transporting ions, electrons and solvents are the key requirements of ionic
polymers for varieties of applications such as in fuel cell [1, 2] for clean energy production
and storage,[3, 4] in actuators,[5-7] and in drug delivery.[8, 9] Tailoring multiple blocks into
one polymer has been one promising pathway to multi-functional materials. Tethering
ionic blocks and non-ionic blocks provides potential design tool for ionic morphologies
in which transport properties are tailored. The presence of these incompatible blocks
leads to the segregation of the polymer matrix into hydrophobic and hydrophilic regions
resulting in a new set of challenges to control miscibility and long range correlations.
This phase segregation manifests itself on multiple length scales from that of an
individual polymer molecule to that of the macroscopic membranes.
One such an example of multifunctional macromolecules is a pentablock
copolymer of the form ABCBA shown in inset of Figure 4.1. The center block consists of
randomly sulfonated atactic polystyrene tethered to polyethylene with randomly
substituted propylene, which we refer as the flexible blocks, end- capped by atactic tertbutyl polystyrene. The end poly(t-butyl-styrene) blocks, free of sulfonation, give strong
mechanical strength and do not swell on wetting. The flexible ethylene-r-propylene
blocks provide toughness to prevent brittleness in dry condition, which is a critical
attribute in membrane. Architecture of this material provides an opportunity to
understand and control the interface between the hydrophilic and hydrophobic sections.
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Building on the understanding obtained in our previous study[10] here we probed isolated
molecules in solvents as a function of the ionic fractions using molecular dynamics (MD)
simulations. It is particularly significant to probe the ionizable groups on the internal
phase segregation on the length scale of isolated molecules since solution is the casting
media for membranes. One critical challenge though is that the ionic groups drive
clustering even in dilute solutions. This clustering is essentially the initial path to forming
transport channels in membranes; however, they form physical crosslinking that in turn
may trap the polymers in far from equilibrium state. With solvent casting as the main
path to membrane formation, tuning the structure through polymer-solvent interactions in
the dilute regime, below the critical micellar concentration, offers a tool to tune
membrane structures. Here, using extensive set of simulations we probed the dilute
regime with the insight that only a large number of solvent molecules can provide. This
regime is the optimal media to tune the initial conformation and association of this
complex polymer. In contrast to non-ionic polymers, we find that the degree of ionic
substitution even of one block plays a critical role, with a distinction between the
ionomer and polyelectrolyte regions.
Though computational methods provide a unique molecular insight to the nano
and mesoscopic length scales, the association of the ionic groups which drive the
properties of the pentablock presents a challenge that one can easily be trapped in
metastable states. Here, in parallel to the insight into the impact of the concentration of
ionic groups, we demonstrate the use of temperature cycling to address this challenge.
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Experimental studies have probed concentrated solution and bulk properties of
this pentablock for different sulfonation fractions.[11-16] Choi et al.[11] have shown that
above 10 wt% this pentablock associates to form micelles with spherical symmetry. Most
studies have focused in transport in membranes. Geise et al.[12] found that water uptake,
water permeability, and salt permeability increase with increase in degree of sulfonation.
Choi et al.[17] and Geise et al.[14] have shown that aluminum neutralization affects the
structure and the mechanical, and transport properties of membranes of this pentablock
copolymer. Recently, Etampawala et al.[16] studied the association of multi chains
sulfonated pentablock copolymers in dilute solutions of the polymer in a mixture of
cyclohexane and heptane using small angle neutron scattering. They reported that
micelles are formed for all sulfonation levels with a core of the sulfonated styrene and a
corona of the solvated flexible and end blocks. The micellar shape however diverges
from sphericity.
Molecular level understanding of interactions between the polymer-solvent,
block–block, ion-ion, and ion-counterion determine the conformation of polymer and
hence impact their assembly into membranes. Resolving the factors that affect the
conformation of this type of structured polymer is essential to control the processing in
dilute solution where intramolecular interactions can be resolved. The ionizable block,
namely the styrene sulfonate segregates from the rest of the polymer and essentially
facilitates transport of polar solvents and ions. Its conformation is therefore critical to the
understanding of the overall behavior of the pentablock. A number of computational
studies have investigated the conformation of single chains of sulfonated polystyrene
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(sPS) in dilute solution.[18-22] Among them are Xie and Weiss[19] who carefully mapped
the conformation of sPS chain in poor solvents using molecular dynamics simulations.
They found that as the sulfonation fraction increased, the radius of gyration Rg of
collapsed ionomers increased slightly and the conformation became less globule-like.
Further insight was obtained by Carrillo and Dobrynin[18] who studied single sPS chains
in aqueous solutions. Chialvo and Simonson[21] showed that the solvent, degree of
sulfonation and its distribution along the sPS chain strongly effect the polymer chain
conformation.
Enhancing molecular complexity of the polymers by tailoring blocks with specific
roles while controlling their phase behavior presents an immense step towards designing
controlled transport systems. While introducing a highly interacting block such as an
ionaizable one into block co-polymers is one effective way to attain functionality, there is
yet no theoretical framework to predict their phase diagrams. Recently, we[10] studied for
the first time the behavior of a single chain of pentablock copolymer in different solvents
at sulfonation fraction f = 0.30. In hydrophobic solvents, the ionic block resides in the
center, surrounded by a swollen intermix of the flexible and end blocks. In water, all
blocks collapse with the sulfonated block residing on the surface of the collapsed
molecule. Present study investigates the conformation of a single pentablock chain and
sulfonated polystyrene of the same molecular weight as that of the center block as a
function of temperature, sulfonation fraction f and solvent quality using molecular
dynamics simulations. Specifically, this study explores the single chain conformations for
six sulfonation fractions 0 ≤ f ≤ 0.55, spanning the range from ionomer to polyelectrolyte,
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in solvents of different quality. The interplay of solvent-polymer interactions and
polymer-polymer interactions in controlling the phase behavior and conformation of
individual block were studied in water and in a 1:1 mixture of cyclohexane and heptane.
Water is poor solvent for all the blocks except for the ionic regions, and the 1:1 mixture
of cyclohexane and heptane is good solvent for the end blocks and flexible blocks, and a
poor sovlent for center block when it is sulfonated. Along with these explicit solvents,
implicit solvents have been used to tune the dielectric constants without changing any
additional factors. The dielectric properties of the solvent affect the size and orientation
of ionic domain as well as counter ions. One of the implicit solvents was modeled to be
similar to water with the dielectric constant ε = 77.73[18] and ε = 1, captures hydrocarbon
chains.
This paper is organized as follows: section 2 describes the simulation
methodology followed by introducing the computational challenge of obtaining
equilibrium configurations for sulfonated chains, described in section 3; section 4
presents the results for the pentablock and sPS for six sulfonation fractions in different
solvents. A brief summary and outlook are presented in section 5.
Model and Methodology
The single chain of pentablock ionomer, sPS chain, and solvent molecules are
modeled using the Optimized Potentials for Liquid Simulations - All Atoms (OPLS-AA)
framework of Jorgensen et.al.[23,

24]

which is composed of bonded and non-bonded

interactions. The non-bonded interaction Unb(rij) is a sum of standard 12-6 Lennard-Jones
(LJ) and electrostatic potentials,
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where rij is the distance between atoms i and j, !"# is the LJ energy and σij is the LJ
diameter for atoms i and j, qi and qj are their partial charges. Geometric mixing rules are
used for atoms of different species: εij = (εiεj)1/2 and !"# = !" !#

1/2

. Non-bonded

interactions are calculated between all atom pairs of different molecules. In addition, all
pairs on the same molecule separated by three or more bonds, though the interaction is
reduced by a factor of 1/2 for atoms separated by three bonds. All LJ interactions are cutoff at rc = 12 Å. All electrostatic interactions closer than rc are calculated in real space;
those beyond this range are calculated in reciprocal Fourier space by using the particleparticle particle-mesh algorithm (PPPM)[25] with precision of 10-4. In the OPLS-AA,
covalent bonds consist of distance and angles. The bonded potentials include two-body
bond, three-body angle and four-body dihedral interactions.[23]
The pentablock, sPS and 1:1 mixture of cyclohexane and heptane molecules were
constructed separately using Polymer Builder and Amorphous Cell modules in Accelrys
Materials Studio©.[26] Since OPLS potentials are not available in Material studio, the
conformation energy of each polymer molecules was initially minimized with the
polymer consistent force field (pcff) force field. The pentablock molecules, ABCBA, had
a total molecular weight of ~ 50,000 g/mol and contained randomly sulfonated atactic
polystyrene in the center block (C) tethered to polyethylene with randomly substituted
1.1% propylene (B) and end-capped by atatic poly-t-butyl styrene (A) as shown in inset
of Figure 1. The total wt% of the center sulfonated block is ~40%, while each of the
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randomly substituted polyethylene blocks is ~20% and each of poly-t-butyl styrene
blocks is ~10%. Total number of monomers for each pentablock molecules (ABCBA)
studied here is 1467 (30+617+173+617+30) with f = 0, 0.08, 0.15, 0.30, 0.40 and 0.55.
The counterion is Na+ in all cases.
The LAMMPS classical MD code[27] was used to perform all the simulations. The
Newton equations of motions were integrated using a velocity-Verlet algorithm with a
time step δt =1 fs for simulation for the polymer in water and in implicit solvents. The
reference system propagator algorithm (REPSA)[28] with multi-timescale integrator with a
time step of 1.0 fs for the bond, angle, dihedral, van der Waals interactions and direct
interactions part of the electrostatic interactions and a time step 4.0 fs for long range
electrostatic interactions was used to accelerate simulation of system for the polymer in
1:1 mixture of cyclohexane and heptane. Temperature of the system was maintained by
using a Langevin thermostat with a 100 fs damping constant. The Nose-Hoover
thermostat was used with the same damping constant to equilibrate the system at constant
pressure and temperature after merging the polymer chain with the solvent. An in-house
conversion code was used to convert the potential parameters to OPLS as well as modify
the Material Studio data files into a form readable by LAMMPS.
Simulations of six pentablock and six sPS molecules with 0 ≤ f ≤ 0.55 in
TIP4P/2005 water[29] and 1:1 mixture of cyclohexane and heptane as well as two implicit
poor solvents were carried out. The five pentablocks and sPS chain with f > 0 were
randomly sulfonated. For both explicit solvents, the dielectric constant in eq. (4.1) was
set ε = 1.0. All the interactions between atoms on the polymer molecule for the implicit
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solvent simulations were the same as in eq. (4.1) with rc = 12 Å. To model water
implicitly, we set the dielectric constant ε = 77.73, while to model a nonpolar, poor
solvent implicitly, we set ε = 1.0.
Before merging pentablocks in explicit solvents, we first equilibrated systems of
256000 water molecules and 1:1 mixture of 21600 cyclohexane and 21600 heptane
molecules at 300 K in a cubic simulation cell. Periodic boundary conditions were used
for all explicit atom simulations. The collapsed pentablocks were then combined with the
solvent to form solutions. Overlapping atoms that resulted from merging the pentablock
molecules and the explicit solvents were removed by running for a few thousand steps
with the fix nve/limit routine in LAMMPS. We ran the water system for 30 ns and mixed
solvent system for 40 ns at 500 K and then cooled each to 300K. Each system was then
run for 30 ns at constant pressure of P = 0 at T = 300 K to equilibrate the mixture,
followed by a run of 30 ns at constant volume to obtain statistics. The dimensions of the
simulation cell after equilibration were between 19.3-19.5 nm for water and 21.6-21.8 nm
for the mixed solvent, which is sufficient to prevent interaction of pentablock with its
periodic image.
To study the size and shape of polymer chains, we calculated the radius of
gyration and the principal moment of inertia. Radius of gyration is given by
!"# =

.
&/0 %&

'& -')*+ . '& -')*+ /

.
&/0 %&

(4.2)

where mi is the mass of atom i and rCOM is the center of mass of the polymer. This
calculation includes the atomic positions and masses which account for molecular
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conformations. Similarly, the principal of moments of inertia i.e., eigenvalues of the
moment of inertia tensor are given by
!"# = %& + %# + %(

(4.3)

where, λ1< λ2 < λ3 are the eigenvalues of moment of inertia tensor. The sphericity of the
polymer can be characterized by a number of
! "# , "% , "& =

where !"
!" =
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are the lengths of the principal axis of the moment of inertia tensor,

3%" , ( = 1,2, 3. The sphericity !(#$ , #& , #' ) is a number between zero for a

spherical shape and 1 for a rod. The shape of the ellipsoid is characterized by,
! "# , "% , "& =
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The prolateness, !(#$ , #& , #' ), ranges from -1 for a perfectly oblate ellipsoid
!" = !$ > !& to 1 for a perfectly prolate ellipsoid !" > !$ = !& .[30] Structure factor

is calculated using ! " =

+

&

%& ' &()* , where bi and ri are the scattering length and

position vector of atom i, respectively.
Computational Challenges
A computational challenge in any simulation is to assure that the systems are fully
equilibrated. This is particularly relevant for the present simulations since all blocks are
collapsed at room temperature forming a dense state and both the polystyrene and t-butyl
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polystyrene are below their glass transition temperature. The introduction of sulfonated
groups further reduces the chain mobility as the ionic groups interact strongly and form
long-lived ionic clusters.

Figure 4.1 Snapshots of pentablock molecule for f = 0.15 in an implicit poor solvent for ε
= 1.0 at 300 K at four different times. The chemical structure of poly(t-butyl-styrene)-bethylene-r-propylene-b-styrene-r-styrenesulfonate-b-ethylene-r-propylene-b-poly(t-butylstyrene) pentablock molecule in the inset. The end block is shown in orange, flexible
block in green, middle block in blue, oxygen atoms in red, sulfur atoms in yellow and
sodium atoms in gray.
An example of this challenge can be seen by following the collapse of a nearly
fully stretched chain for f = 0.15 in an implicit poor solvent with ε = 1.0 as a function of
time at 300 K in as shown in Figure 4.1. At first the two end blocks collapse after
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approximately 10 ns, followed by the partially sulfonated center block after
approximately at 40 ns. Then the two flexible blocks rolled up with end blocks merging
with the center block. After approximately 200 ns, the entire pentablock remains
elongated as shown in Figure 4.1. Similar results were obtained for other specified value
of f and for ε = 77.73.

Figure 4.2 Radius of gyration Rg as the function of time for pentablock in an implicit
poor solvent for ε =1.0 at 300K.
The instantaneous radius of gyration Rg is shown in Figure 4.2 as a function of
time for f = 0.15 at 300 K. Initially Rg decreases linearly from its fully extended state at 0
ns and becomes constant after 170 ns. While Rg has reached a plateau at later times as
shown in the inset of Figure 4.2, the system has not reached equilibrium; it is simply
trapped in a metastable state which is effectively frozen over the accessible simulation
times. To overcome being trapped in long-lived metastable states, we thermally annealed
all of our systems at 500 K and 700 K and then cooled back down to 300 K. Note that
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experimentally these temperatures are accessible under inert environment. Snapshots of
the resulting configurations are shown in Figure 4.3 for f = 0.15 where the pentablock is
more expanded at 700 K compared to 500 K as one would expect at elevated temperature.
These systems were then cooled back to 300 K at a rate of 40 K/ns. Starting from either
500 or 700 K states, the final configuration at 300 K has the same mean square radius of
gyration < Rg2>1/2 as shown at the two lower panels in Figure 4.3. This process of
thermally annealing the pentablock and cooling back to 300 K resulted in a much more
compact structure than obtained from collapsing the chain directly at 300 K. All results in
the remaining of the paper were obtained by thermal annealing at high temperature both
for implicit and explicit solvents.

Figure 4.3. Snapshots of pentablock for f = 0.15 in an implicit poor solvent at different
temperatures for ε = 1.0.
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Results and Discussion
This section introduces the effects of degree of substitution by ionizable groups
on the packing and the conformation of single pentablock molecules in several solvents
including water, implicit poor solvents and mixture of cyclohexane and heptane, an
industrially important casting environment. These studies are carried out on isolated
polymers in solvents to be able to resolve the parameters that dominate the conformation
of structured ionic block co-polymers; parameters that determine their micellization
characteristics and essentially their assembly into membranes. The results obtained for
water will be first discussed followed by those obtained for implicit poor solvents as the
dielectric constants are varied and those derived for the mixture of cyclohexane and
heptane. The results present direct observations of the conformation and location of all
blocks and further elucidated the distribution of sulfur and the ions, critical components
for any transport application. Detailed insight regarding the shape of the molecules is
obtained from moment of inertia calculations and finally, the static structure factor is
calculated as a potential bridge with experiments.
A. Water
A typical conformation of the pentablock in water at 300 K for four values of f.
Pentablock in water collapses into a nearly spherical shape for f = 0.15 as shown in
Figure 4.4. With increasing f a more elliptical shape is observed, which attribute to the
balance of electrostatic repulsion between sulfonated groups and the hydrophobic
attraction between the flexible blocks and the end blocks. All blocks are collapsed in
water, however, the center block forms a more globular struture with more ionic groups
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on the outer suface with increasing f as observed in Figure 4.4. As f increases, the fexible
and end blocks collapse into a globule in order to and essentialy minimize the number of
unfavorable block-solvent interactions while electrostacitc interactions forces the ionic
block to extend to minimize the electrostatic repulsion between charged groups. As
shown in Figure 4.4d, for the highest sulfonation fraction f = 0.55, the ionic block is
completely segregated from the flexible and end blocks.

Figure 4.4 Snapshots of pentablock in water at 300 K (a) f = 0.15, (b) f = 0.30, (c) f =
0.40, and (d) f = 0.55.
The dimension and shape of entire pentablock, center block and sPS have been
further quantified through calculations of the root mean square radius of gyration <
Rg2>1/2, the three eigenvalues of the moment of inertia tensor λ1< λ2 < λ3, sphericity A,
and prolateness P. Results are presented in Table 4.1. < Rg2>1/2 of pentablock, the center
block and sPS all increase as f increases. These results in water are in good agreement
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with those of Park et al.[20] for sPS who reported that with increasing the degree of
sulfonation, <Rg2>1/2 increases and that all the sulfonated groups are on the outer surface
and the benzene rings of the styrene are on the inside.
TABLE 1: Root mean square of average radius of gyration <Rg2>1/2 (Å), moments of
inertia, asphericity A(a1, a2, a3) prolateness P(a1, a2, a3) for entire pentablock, center
block and sPS chain at T=300 K
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As shown in Table 4.1, the ratios of the two largest eigenvalues to the smallest
(λ2/λ1 and λ3/λ1), A and P for pentablock, center block and sPS in water all increase as f
increases. Visual observations shown in Figure 4.4 confirm this asymmetry. At 500 K,
<Rg2>1/2 for the entire pentablock, center block, and sPS is ~7% higher than at 300 K.
However, the overall shape of pentablock is hardly affected by increasing the
temperature.
The ion distribution, an important factor affecting the polymer properties,
particularly its transport characteristics, was calculated resolving the distribution for
sulfur (S) and sodium (Na) atoms for f > 0. The distribution as a function of the distance
from the center of mass of the entire pentablock for sodium and sulfur are shown in
Figure 4.5. In water for all f > 0, the sodium atoms are widely dispersed across the
pentablock as is shown in Figure 4.5a while the sulfur atoms are largely distributed
toward the surface of the pentablock and are segregated from other blocks, as is apparent
in Figure 4.5b. This distribution is consistent with the conformations of the polymer
presented in Figure 4.4. Also, as f increases, the cluster size of the sulfonated groups
increases.
The effect of electrostatic interactions on the sulfur and sodium ions was then
probed comparing the distribution in water and in implicit poor solvents with ε = 1.0 and
77.73. Implicit solvents allow longer simulations requiring less computational resources.
They also enable change in dielectric constants without changing any other parameter.
The results for one sulfonation level f = 0.15 are shown in Figure 4.5c and 4.5d for
sodium and sulfur respectively. For low dielectric constant, ε = 1.0, both groups lie
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towards the center of the pentablock. With increasing dielectric constant to ε = 77.73, the
dielectric constant of water, both the sulfur and the sodium migrate to the middle of the
globule. In actual water however a clear migration of the sulfur atoms to the interface is
observed. This is a clear demonstration that while the dielectric interaction impacts the
distribution and association of the sulfur and the sodium, the polarity of the water is a
critical driving force for the sulfur distribution.

Figure 4.5 Density distribution functions of sulfur and sodium as a function of the
distance from center of mass of pentablock at 300 K. a) Na, and b) S are in water at
different sulfonation fractions. c) Na, and d) S for f = 0.15 as a function of solvents.
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Further insight has been obtained following the conformation of the pentablock as
the temperature was raised to 700K. The temperature dependence of <Rg2>1/2 of the entire
pentablock and its center block along with that of sPS chains are presented in Figure 4.6
for both ε = 1.0 and 77.73 and water. For all f and for both ε = 1.0 and 77.73, <Rg2>1/2 for
the entire pentablock chain increases with increasing the temperature from 300 K to 700
K as shown in Figure 4.6a. Also <Rg2>1/2 of both the center block and the sPS chain
increases monotonically with temperature for all f for ε = 77.73 as seen in Figure 4.6b
and 4.6c. This system behaves similar to what one would expect for the pentablock in
water where the ionic groups are on the outer surface, resulting in an increase in the size
of the center block as the temperature is increased. For ε = 1.0, however, <Rg2>1/2 first
increases as the temperature is increased to 500 K for all f. But for f > 0.15, <Rg2>1/2
slightly decreases as the temperature is increased further to 700 K whereas for ε = 77.73
systems, there is a slight increase in <Rg2>1/2 as f increases. Comparing <Rg2>1/2 of sPS
for both ε = 1.0 and 77.73 with that of the center block of the pentablock, <Rg2>1/2 of
center block is slightly higher than that of sPS. This is reasonable because center block is
connected with others flexible blocks which don’t allow the center block to completely
collapse.
Results of simulations in an implicit poor solvent with 77.73 are compared to
those in water. For f < 0.3 the conformation of the pentablock in the implicit poor solvent
with ε = 77.73 is very close to that in water. However, for f ³ 0.3, the implicit solvent
does not capture segregation of the center block from the flexible and outer blocks as
occurs for the pentablock in water (see Figure 4.4). As shown in Figure 4.6, <Rg2>1/2 for
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pentablock, center block and sPS with ε = 77.73 are close to that found for the pentablock
in water for f < 0.3 while for f ³ 0.3 <Rg2>1/2 in water is larger than in the implicit solvent.

Figure 4.6 Root mean square of average radius of gyration <Rg2>1/2 of (a) pentablock
(b) center block and (c) sPS chain at 300 K (squares), 500 K (circles), 600 K (down
triangles), and 700 K (up triangles) as a function of f in poor solvent with ε = 1.0 (solid)
and ε = 77.73 (open). Results in water are shown as stars for 300 K (solid) and 500 K
(open).
To determine the effect of sulfonation fractions on the shape of pentablock, center
block and sPS, the eigenvalues of moment of inertia tensor were calculated together with
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the sphericity and prolateness given Table 4.1. The sphericity A for the pentablock for all
values of f studied for both ε = 1.0 and 77.73 are close to zero with the largest value of <
0.02, indicating that the collapsed pentablocks are nearly spherical in shape. A strong
effect of f is observed on the prolateness p which shows that the pentablock changes from
oblate for f = 0 to prolate for f > 0 in both values of ε. Since the sphericity is small for all
these cases, the meaning of the prolateness should be taken with some caution. In both
systems of the center block of pentablock and sPS, <Rg2>1/2 increases slightly as f
increases for both ε = 1.0 and 77.73. These results for ε = 1.0 are in a good agreement
with those of Xie and Weiss,[19] who found that as the sulfonation level increases,
<Rg2>1/2 of the collapsed sPS increases slightly. For ε = 77.73, our results are of good
match with those of Carrillo and Dobrynin[18] who reported that with increase of degree
of sulfonation, sPS chains form a more open structure. Further, our results agree with
their findings that sPS chains take a globule-like conformation with all f located on the
outer surface and the benzene rings of the styrene forming the inner surface. The
sphericity A and prolateness P of the sPS chain for both ε = 1.0 and 77.73 are slightly
smaller than that of center block of pentablock. However, the prolateness P for both
systems of center block of pentablock and sPS is increasing on increasing ε = 1.0 to
77.73.
Overall the results of <Rg2>1/2 along with the sphericity A and the prolateness P
clearly demonstrate that the shape of the pentablock in implicit poor solvent with ε =
77.73 is well modeled by water only for f < 0.3.
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B. Cyclohexane and Heptane Mixture

Figure 4.7 Snapshots of pentablock in mixture of 1:1 cyclohexane and heptane at 300 K
(a) f = 0, (b) f = 0.15, and (c) f = 0.55.
In the 1:1 mixture of cyclohexane and heptane, all blocks of pentablock are
extended for f = 0 as seen in Figure 4.7a. In this case, block-solvent interaction is stronger
than block-block interaction. However, only the flexible and end blocks are extended
while the ionic block is collasped for f > 0 as seen in Figure 4.7b and 4.7c. It is important
to point out that addition of very small amount of sulfonated groups (f = 0.15) to center
blocks is large enough to segregate in the center of molecule. As seen from Table 4.1,
<Rg2>1/2 of the entire pentablock in 1:1 mixture of cyclohexane and heptane is ~ 63 Å for
all f. <Rg2>1/2 of the entire pentablock is hardly affected by f. However, <Rg2>1/2 of the
center block and sPS decreases as f increases. At 500 K, <Rg2>1/2 for the entire
pentablock is ~10% higher than at 300 K. The ratios of the eigenvalues, λ2/λ1 and λ3/λ1
for entire pentablock in 1:1 mixture of cyclohexane and heptane, as shown in Table 4.1,
are much larger than that in an implicit poor sovlent and in water as expected. Since the
1:1 mixture of cyclohexane and heptane is a good solvent for end blocks and flexible
blocks, and a poor sovlent for the sulfonated center block, it is hard to define a shape for
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the entire pentablock from the ratios of the eivenvalues of the moment of inertia tensor
for the individual blocks. For example, for f = 0.15, λ2/λ1 = 4.5, λ3/λ1 = 15.5, ! "# , "% , "&
= 0.35 and !(#$ , #& , #' ) = 0.65 for the end blocks while for the flexible blocks λ2/λ1 =
3.1, λ3/λ1 = 5.8, !(#$ , #& , #' ) = 0.45 and !(#$ , #& , #' ) = 0.20. The center block and sPS
chain have an sphericity very close to 0 as expected. Similar results are obtained for other
f. However, for f = 0, the sphericity is greater than zero. These results are consistent with
the conformations shown in Figure 4.7.
These calculations have shown that the content of ions affects cluster size and
distribution and hence, the overall symmetry of the molecule. The ion distribution was
calculated resolving the distribution for sulfur and sodium for f > 0. The distribution as a
function of the distance from the center of mass of the pentablock for sodium and sulfur
are shown in Figure 4.8 along with the dimensions of the core. Unexpectedly, the
dimension of the ionic clusters decreases with increasing sulfonation levels. At low
sulfonation levels, the ionic block is swollen, whereas increasing f results in expelling the
solvent molecules from the ionic groups. In contrast to water and high dielectric media,
the sodium ions are condensed on the sulfonated groups and are immobile, as observed
from the similar positions of the sulfur and sodium groups.
At low sulfonation fractions, both sulfur and sodium are equally distributed within
the ionic region. With increasing f, a well-defined region close to the ionic cluster surface
is observed. Number of clusters increases as f decreases while cluster size increases with
higher value of f ³ 0.3.
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Figure 4.8 Density distribution functions at 300K for (a) sodium atoms, and (b) sulfur
atoms as a function of the distance from center of mass of pentablock in the mixture of
cyclohexane and heptane for different sulfonation fractions. Inset shows results for
<Rg2>1/2 for center block. Snapshot is for f = 0.55.
C. Structure Comparison
The static structure factor S(q), where q is the momentum transfer vector, was
also calculated. This quantity is an ideal bridge with experimental structural studies
where S(q) of the individual blocks coupled with visualization provides further insight
into molecular conformation. Results for S(q) for the pentablock in water and in 1:1
mixture of cyclohexane and heptane, averaged over 500 configurations with 500 different
random q vector for each q, is shown in Figure 4.9a and 4.9b respectively. At
intermediate q (0.10 to 0.27 Å-1), S(q) exhibits a characteristic power law of q-α with α =
3.3, 3.0, 2.7 and 1.8 for f = 0.15, 0.30, 0.40, and 0.55 respectively for the pentablock in
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water. These scaling factors diverge from 4, the characteristic value for spherical objects.
These results are consistent with our previous analysis that shows that though in water the
entire polymer in collapsed, and in mixture of cyclohexane and heptane the ionic block in
collapsed into globules, the symmetry diverges from that of fully spherical objects.

Figure 4.9 S(q) of pentablock in water (a) and in mixture of 1:1 cyclohexane and heptane
(b) at 300 K as a function of q for f = 0.15 (squares), f = 0.30 (circles), f = 0.40 (up
triangles) and f = 0.55 (down triangles). Symbols represent the data and solid line
represent the best fit to the models describe in text. Data has been shifted vertically for
clarity.
Further these exponents are consistent with a collapsed, nearly spherical shape,
for f = 0.15 and that transforms into a more ellipsoidal as f increases in agreement with
the configurations shown in Figure 4.4. For f = 0.55 S(q) exhibits a narrow peak at q ~
0.50 Å-1 (13 Å) which is signature of ionic groups residing on outer surface. The peak
becomes broader as the sulfonation fraction decreases.

81

For at intermediate q region (0.15 to 0.35 Å-1) the exponent α = 3.0, 2.7, 2.9 and
2.3 for f = 0.15, 0.30, 0.40, and 0.55 respectively for the pentablock in the 1:1 mixture of
cyclohexane and heptane. At high q region, the peaks are broader for all f which signify
internal structure as shown in Figure 4.9b. These results indicate that the conformations
of pentablock in 1:1 mixture of cyclohexane and heptane are a Gaussian coil with little
structure in the high q region, and little dependence on f.
The validation of structural studies of the pentablock in the low q region is
important factor in mapping our results to experiment. S(q) data the for pentablock in
water were fit[31] with a form factor of oblate core-shell[32] for f = 0.15 and prolate coreshell for f > 0.15. As seen in Figure 4.9a, these two models capture the features of the
pentablock very well. The models and parameters from fit are consistent with our results
for the eigenvalues of the moment of inertia tensor as well as prolateness !(#$ , #& , #' ) as
shown in Table 4.1. These models successfully capture the characteristics of asymmetric
and highly interacting blocks in water.
Conclusions
The conformation of a single chain of pentablock and sPS has been studied as a
function of temperature, sulfonation fraction f and solvent quality using molecular
dynamic simulations. The study focused on dilute regime which enables probing the
solvent effects of each of the blocks which is a significant tuning processing parameter.
We find that the degree of substitution by ionizable groups is one critical parameter that
together with interaction with the solvents control the size, segment distribution and ionic
distribution of the polymer. In all solvents studies the ionic blocks segregate from the
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non-ionic ones. In all poor solvents the entire macromolecule collapses whereas in
cyclohexane and heptane mixture only the ionizable block does. The degree of
segregation is enhanced with enhancing sulfonation fraction for all solvents, where at low
sulfonation levels some mixing is observed where at high sulfonation levels well define
segregated domains are formed.
The distribution of the ionic groups strongly depends on the interactions of the
different blocks with the solvents. In water and poor solvent of a dielectric constant
similar to that of water the dimensions of the entire polymer and its segments grow with
increasing f where the sulfur groups tend to lie towards the surface of the polymer. In
low dielectric media including poor solvent and cyclohexane and heptane mixture, the
sodium is condensed, whereas increasing the dielectric constant such as in water and
implicit poor with higher dielectric constants the sodium ions are distributed across the
entire ionizable block. In water some of the ions appear fully solvated.
Future studies are on underway to explore micelles and membranes of these
pentablock molecules. Having knowledge of the structure and dynamics of the individual
polymer molecule in solution becomes imperative to controlling the structure of
membranes, where the morphology of the micelles impacts the film structure and
properties.
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CHAPTER FIVE
SOFT NANOPARTICLES: NANO IONIC NETWORKS OF ASSOCIATED IONIC
POLYMERS
Abstract
Directing the formation of nanostructures that serve as building blocks of
membranes presents an immense step towards engineering controlled polymeric ion
transport systems. Using the exquisite atomic detail captured by molecular dynamics
simulations, we follow the assembly of a co-polymer that consists of polystyrene
sulfonated tethered symmetrically to hydrophobic blocks, realizing a new type of long
lived solvent-responsive soft nanoparticle.
Introduction
With an immense advantage of their light weight and versatility, polymers have
been integrated into a large variety of technologies. Among these macromolecules are
ionic polymers that are imbedded in the core of numerous applications where selective
transport is required, including clean energy1-3 and biotechnologies.4, 5 Notwithstanding
their promise, their uses fall short of their potential. A close inspection of these polymeric
membranes in-operando shows that at optimal performance, structural changes take
place, impacting their mechanical stability. These changes arise from the inherent
structure of the polymeric melt where the ionic/ionizable segments segregate into ionic
domains, forming physical crosslinks that often control the mechanical properties.
Concurrently, the ionic domains facilitate transport resulting in disruption of these
domains leading to destabilization of the overall structures. These opposing effects
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present a significant challenge to the longevity and efficiency of ionic polymers based
devices.
One promising approach to integrating ionic polymers into effective stable
devices has been designing structured macromolecules incorporating ionic blocks into copolymers, taking advantage of the formidable ability of block co-polymers to associate
into well-defined structures.6-9 Similar to van der Waals co polymers, these
macromolecules form a rich variety of structures driven by the high segregation between
the blocks where the ionic segments segregating into clusters.10-12 Here we probe the
formation of the basic building blocks of such multiple functional ion-containing
polymers with molecular dynamics (MD) simulations, the tool of choice to attain
molecular insight that can be transposed to device length scales. We find that in contrast
to micelles formed by van der Waals block co-polymers, long lived assemblies, or soft
nanoparticles are formed, whose structures are tunable. Their behavior is controlled by
the ionic segment.
The solutions of these ionomers often consist of assemblies13, 14 where the ionic
segments form long lived clusters that are retained when cast into membranes. These
polymers often exhibit high glass transition temperatures,12 making solution casting one
major route to membrane formation. Therefore, controlling the assembly of structured
ionic block co-polymers in solution becomes a critical step in forming membranes with
desired properties. While micellization of van-der Waals block copolymers have been
thoroughly studied,15,

16

the assembly process in highly segregated ionic block co-

polymers, where electrostatic interactions drive instantaneous, though strong ionically
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bound clusters remains one important process that needs to be controlled. Rich varieties
of micellar structures have been observed in copolymers solutions depending on the
nature of the blocks and the solvent environment.15-21 Incorporating ionic segments
affects the structure of the micelles and the kinetics of their assembly.22, 23
Structures polymers have been designed with the rational of tailoring transport
facilitating domains by the ionic blocks with the rest of the macromolecule providing the
much needed mechanical stability. One such a polymer is a pentablock that consists of a
center block decorated with randomly sulfonated polystyrene tethered to ethylene-rpropylene as the flexible block and terminated on both sides by tert-butyl polystyrene.2434

In contrast to lower dimensionality copolymers, the five-block structure, centered

around an ionic block offers optimal complexity to enhance stability, while allowing
controlled assembly. In solution these polymers, that serve as casting media for these
membranes, consist of micelles25,

26, 28

whose symmetry and structure depend on the

nature of the solvent, the polymer concentration and the degree of sulfonation. While
scattering studies have revealed the overall symmetry of assemblies of this pentablock
co-polymer in hydrophobic solvents, their detailed structure needs to be resolved in order
to facilitate controlled assembly into well-defined membranes.
Here, using fully atomistic MD simulations, building on our single molecules
studies,35,

36

we probe the assembly of this pentablock copolymer as a function of

sulfonation fraction f = 0.30 and 0.55 and temperature in a 1:1 mixture of
cyclohexane/heptane and in water with the goal of understanding the characteristics of
these nano structures in comparision with micelles formed by van der Waals polymers.
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Fully atomic simulations probe detailed internal structure and coupled dynamics within
the assembly that for this type of polymer is on the order of magnitude of 0.1 to ca. 150
nanoscecond. This specific hydrophobic solvent is used in industrial casting processing.
The rational of its choice is to use as good as possible solvent which is volatile enough to
be used as a casing solvent. Water is a highly prevalent substance present in the
environment and is a by-product of many eletrochemical reactions. Water penetrates the
pentablock membranes and over long time desolves the polymer to form colloidal
solutions.
Molecualr parameters for this study, including sulfonation leveles and
moleculcular weights were cosen to be able to corelate with our rexperiemntal studies.28
The number of macromolecules per micelles was chosen to match the aggregation
numbers extracted from neutron studies28 that have shown that each micelle consists of
25-70 polymer molecules, for solution of concentrations ranging between 0.5 to 6wt%
with sulfonation levels that transcends the ionomer-polyelectrolyte range. Here we were
able to resolve for the first time the detailed internal structure of these micelles revealing
a nano network of ionic segments.
Methodology
Molecular dynamics simulations of multi-chains of ionic pentablock were carried
out using the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).37
The pentablock chains and solvent molecules are modeled using recently updated38
Optimized Potentials for Liquid Simulations - All Atoms (OPLS-AA) framework of
Jorgensen et al.39,

40

validated against experimental densities of polystyrene and
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polyethylene. Additional simulation details are described in our studies of single
pentablock chains in dilute solution.35, 36
The pentablock molecules and the 1:1 mixture of cyclohexane/heptane molecules
were constructed using Polymer Builder and Amorphous Cell modules of Accelrys
Materials Studio©.41 Separately we equilibrated a 1:1 mixture of 86400 cyclohexane and
86400 heptane molecules, and a system of 768000 water molecules at 300 K in a cubic
simulation cell with periodic boundary conditions. The TIP4P/2005 model was used to
model the water molecules.42
The LAMMPS classical MD code37 was used to perform all the simulations. The
Newton equations of motions were integrated using the velocity-Verlet algorithm. The
reference system propagator algorithm (REPSA)43 with multi-time scale integrator with a
time step of 1.0 fs for the bond, angle, dihedral, van der Waals interactions and direct
interactions part of the electrostatic interactions and a time step 4.0 fs for long range
electrostatic interactions for micelle in mixture of cyclohexane/heptane and 2.0 fs for
micelle in water was used to accelerate the simulation. Temperature of the system was
maintained by using a Langevin thermostat with a 100 fs damping constant. The NoseHoover thermostat was used with the same damping constant to equilibrate the system at
constant pressure and temperature after merging the polymer chain with the solvent.
Thirty randomly sulfonated chains of the pentablock were placed in a large
simulation cell and aggregated in an implicit poor solvent. This aggregate of 30 chains,
where all blocks are collapsed and randomly distributed, is the starting point of the
simulation.
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Figure 5.1 Time evolution of micelle (upper panel) and center blocks of pentablock
(lower panel) for f = 0.30 in cyclohexane/heptane at 500 K.
A spherical void was formed in the center of the simulation box for both solvents
using the indenter command in LAMMPS. The pentablock assembly was introduced into
the void. Any overlapping atoms that resulted from the extended pentablock molecules
were removed by running for a few thousand steps with the fix NVE/limit routine in
LAMMPS. The temperature of the system was increased to 500 K, above the glass
transition of polystyrene, to allow for the molecules to rearrange. An example of the time
evolution of the aggregate in cyclohexane/heptane is shown in Figure 5.1 for f = 0.30. As
time progresses, the center blocks segregate and are surrounded by the swollen flexible
blocks and end blocks. To quantify the dimension of the micelle and center blocks, we
calculated the radius of gyration Rg as a function of time. As seen in Figure 5.2, Rg
initially increased in size for first 25 ns and then leveled off, while Rg of the center blocks
decreased for first 40 ns and the remained constant. The time evolution of the radial
density for micelle, center blocks, and cyclohexane/heptane molecules from the center of
mass of the micelle are shown in Figure 5.3. Initially, the polymers are tightly packed
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resulting in a homogenous density, however as time processes, the density decrease as
solvent penetrates into the micelle. The center blocks migrate towards the center of
micelle as the density of the core increases with time. After ~50 ns, the radial density
profiles for the micelle, center blocks, and solvent are time independent. These results are
further supported by tracking the number of solvent molecules inside the micelle as a
function of time where solvent uptake leveled off after ~50 ns as seen an insert in Figure
5.3b.

Figure 5.2 Radius of gyration (Rg) as the function of time for micelle [■], and center
blocks of pentablock [●] for f = 0.30 in cyclohexane/heptane at 500 K.
The mixed solvent system was run for 100 ns and the water system for 105 ns at
500 K and then cooled to 300 K at constant pressure P = 1 atm. Each system was then run
at constant volume for an additional 40 ns. The dimensions of the simulation cell at T =
300 K was L= ~40 nm for both solvents, sufficient to prevent interaction of the micelle
with itself through the periodic boundaries.
The dynamic structure factor S(q,t) is given by
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Where q is the momentum transfer vector, t is time, b is the scattering length of atom i,j
where the sum is over all atoms. The position of the atoms at time t is given by ri(t).
S(q,t) results are fitted with double exponential ! ", $ = &' ( -*+, + &. ( -*/, , where A1
and A2 are constants, and Г1 and Г2 are effective diffusion coefficients.
Following the association of macromolecules in solvents computationally
amounts to following a large number of atoms for extended times to allow the polymers
to aggregate, requiring considerable computational resources. Here an alternative route
was developed, collapsing the chains to their experimental density, followed by exposure
of the aggregate to solvents and allowing the micelles to evolve. Figure 5.1 captures
visually the transformation of the aggregate into a micelle. Figures 5.2 and 5.3 shows the
evolution of the radius of gyration of the micelle and radial density distribution of the
micelle, the ionic block and the solvent in cyclohexane/heptane respectively. While Rg
provides the average dimensions of the assembly, the time evolution of the density
profiles clearly demonstrate that the polymer molecules are able to rearrange within the
time frame of the simulation.
The association of chains in cyclohexane/heptane and in water will be discussed
starting from qualitative observation of the assemblies and quantitative structural studies,
followed by the internal dynamics of the assemblies. Lastly the response of the
aggregates to changes in their environment as they are moved from water to
cyclohexane/heptane will be presented.
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Figure 5.3 Radial mass density for (a) both micelle and cyclohexane/heptane molecule
and (b) center block for f = 0.30 in cyclohexane/heptane at 500 K at 10 ns [■], 30 ns [●]
, 50 ns [▲], 70 ns [▼], 90 ns [◄], and 100 ns [►]. Solid symbols are for micelle and
open for cyclohexane/heptane molecules. Insert shows number of cyclohexane/heptane
molecules inside the micelle as a function of time.
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Results and Discussion
Representative assemblies formed by the pentablock at different sulfonation
fractions within the polyelectrolyte regime in hydrophobic and hydrophilic solvents at
300K are captured in Figure 5.4 in cyclohexane/heptane (Figure 5.4a and b) and in water
(Figure 5.4c and d). For both f values aggregates that appear overall spherical are
observed. In cyclohexane/heptane the hydrophobic blocks dominate the interface with the
solvent, and the ionic blocks segregate to the center.

Figure 5.4 Snapshots of pentablock micelle at 300 K in cyclohexane/heptane for (a) f =
0.30 and (b) f = 0.55, and in water for (c) f = 0.30 and (d) f = 0.55. The end block is
shown in orange, flexible block in green, center block in blue. Oxygen atoms are shown
in red, sulfur atoms in yellow and sodium atoms in purple.
The flexible blocks are highly swollen. Surprisingly, most of the end blocks
collapse into individual blobs which are segregated from each other. In water, the
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polymers are collasped as shown in Figures 5.4c and d, where the interface consists of
both hydrophilic and hydrophobic groups. The solvent interface is rather broad for
cyclohexane/heptane and is well defined in water.

Figure 5.5 Radial mass density at 300 K for the micelle [■], cyclohexane/heptane [▲],
water [▼], and center block of pentablock [●] (a) in cyclohexane/heptane and (b) in
water for f = 0.30 (solid) and f = 0.55 (open). Left axis is for both micelle and solvent,
and right for center block.
The overall dimensions and distribution of the blocks as expressed in the radial
density profiles as a function of the distance from the center of mass of the micelles are
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shown in Figure 5.5. These mass density profiles support the initial visual observation
however they reveal further structural details. In cyclohexane/heptane the density of the
micelle decreases from the center of mass towards the surface as shown in Figure 5.5a.
Further, the radius of the micelle extracted from the density profile for both f is ~ 150 Å,
which is in good agreement with range of micelle sizes observed by Choi et al.25
In cyclohexane/heptane the assembly’s interface is dominated by the flexible and
end blocks, whose distribution is similar for both f. The sulfonated styrene blocks are
more tightly packed in the center of the micelle for f = 0.55 compared with f = 0.03 as
indicated by the higher density of the center block described by open circles in Figure
5.5a. While the hydrophobic blocks are distributed across the micelle, no styrene
sulfonate resides at the solvent interface. Further, the multiple maxima are observed in
the density distribution plots for center blocks which capture an ionic network form
across the micelle rather than a homogenous core, commonly observed in van der Waals
co-polymer micelles. This network is visualized in the cross-section of the micelle
presented as an insert in Figure 5.5a. The connectivity of the ionic network is reflected in
cluster analysis of the assembly in cyclohexane shown in Figure 5.6. For both sulfonation
fractions, most of the ionic group are assembled into one structure that propagate across
the assembly.

While the distribution of the hydrophobic blocks is consistent with

minimization of the contact area of the hydrophilic block with the overall hydrophobic
environment that consists of both the polymer and the solvent, the formation of an
internal ionic network is rather surprising. This ionic framework distinguished these
assemblies from van der Waals micelles and affects internal dynamics as will be
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discussed. It forms a stable soft nanoparticle with the non-ionic segments residing within
and around the skeleton.

Figure 5.6 Cluster distribution of SO3 groups for f = 0.30 (■) and f = 0.55 (■) in mixture
of cyclohexane/heptane at 300 K. Insert shows images only SO3-Na+ clusters that are
within 6 Å of each other from micelles for f = 0.30 and 0.55. Different colors represent
distinct clusters.
The solvents are an integral part of these soft assemblies as shown in the density
distribution of cyclohexane/heptane Figure 5.5a. The hydrophobic solvent contributes
about 35% of the mass density of the micelle. They reside across the assembly with their
density decaying towards the centre. In water the polymers are tightly packed resulting in
a homogeneous overall density as seen in Figure 5.5b (squares).
This compact assembly is nearly spherical with the sulfonated styrene blocks
residing predominantly towards the outer surface of assembly for both f values with a
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higher density of the center block at the surface for f = 0.55 compared to f = 0.30. This
result is further manifested in the images of a slice through the micelle in the insert of
Figure 5.5b for f = 0.55. The radial density distribution of the flexible and end blocks for
both f values are rather uniform. While the interface is rich with the ionic block, only a
limited amount of water penetrates the micelle as shown in the density profile of the
water in Figure 5.5b.
TABLE 5.1: Root mean square of average radius of gyration <Rg2>1/2 and
moments of inertia for micelle for both f in cyclohexane/ heptane and in water at 300 and
500 K.
Solvents

T
(K)

F

<Rg2>1/2
(Å)

λ2/λ1

λ3/λ1

Cyclohexane/
heptane

300

0.30

101.2 ± 0.5

1.15

1.50

0.55

95.5 ± 0.4

1.10

1.40

0.30

105.5 ± 0.6

1.20

1.55

0.55

98.4 ± 0.5

1.25

1.50

0.30

74.5 ± 0.2

1.08

1.15

0.55

77.4 ± 0.2

1.10

1.20

0.30

77.2 ± 0.3

1.10

1.20

0.55

79.9 ± 0.3

1.15

1.25

500

Water

300

500

Though all assemblies appear spherical, a closer look shows that both their shape
and size as expressed in the root mean square radius of gyration <Rg2>1/2 and the
eigenvalues of the moment of inertia are affected by the sulfonation fraction. These
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values are given in Table 5.1. Unexpectedly in cyclohexane/heptane, <Rg2>1/2 is lower for
f = 0.55 compared to f = 0.30 for both temperatures. This reduction is attributed to a
decrease of the micelle size of the ionic cluster presumably as a mechanism to reduce
unfavorable interactions of the sulfonated center block with the hydrophobic solvent. In
water, however, the aggregate dimensions slightly increase with f.
With increasing f a larger fraction of sulfonated styrene migrate to the water
interface, while the hydrophobic blocks are hardly affected. The shape of the micelles
affects their assembly and as such small changes are expected to have a significant
impact.
The three eigenvalues of the moment of inertia tensor λ1< λ2 < λ3 at 300 and 500
K are also given in Table 5.1. The eigenvalues of the moment of inertia of the micelle are
highly sensitive to small divergence from spherical symmetry where the ratios of the two
largest eigenvalues to the smallest (λ2/λ1 and λ3/λ1). These ratios offer an effective
measure of degree of sphericity of assemblies whose interface with the solvent is not
smooth.44 In cyclohexane/heptane the eigenvalue ratios are greater than 1.0 which
signifies that the symmetry of micelles diverges from spherical. In both solvents these
rations are larger than 1 and increase with increasing temperature. The asymmetry is
significantly more pronounced in cyclohexane/heptane. These results are in very good
agreements with experimental findings of Etampawala et al.28 who observed ellipsoidal
core-shell micelles with the center blocks in the core and Gaussian decaying chains of
swollen flexible and end blocks in the corona.
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Figure 5.7 Radial mass density for sulfur and sodium atoms (a) in cyclohexane/ heptane,
and (b) water at 300 K for f = 0.30 [■] and f = 0.55 [●]. Solid symbols correspond to
sulfur and open for sodium. Images inset are for sulfur in yellow and sodium in purple in
both solvents.
The distribution and dynamics of the ionic species including tethered ionizable
groups and the corresponding counter-ions being among the critical factors, determining
structure, mechanical characteristics and transport ability of macromolecules.8,

45-49

Forming the building blocks of membranes, controlling the ionic distribution in the
micelles is one path to impact membrane structure. Here we determined the density

102

distributions of the sulfonated groups as well as the Na+ counterions as shown in Figure
5.7 for micelles in cyclohexane/heptane and in water. In cyclohexane/heptane for f =
0.30, a sparse network of sulfonated groups is observed where for the f = 0.55, a nearly
continuous ionic region is manifested in the density profiles. The sodium ions appear
condensed for both f. This network is further demonstrated through the cluster analysis
presented in Figure 5.6.
In water, the sulfonated groups reside predominantly at the interface with the
water and the majority of Na+ atoms are away from the surface of the micelle for both f
values, though some are retained as a network across the micelles. While in
cyclohexane/heptane all Na+ ions are condensed on the sulfonated groups only 10%
reside at the SO3- groups in water for both sulfonation fractions.
The dynamics within the assemblies of structured ionic polymers defines the path
to formation of transport pathways as in membranes are formed. This dynamics has been
probed by calculating the dynamic structure factor S(q,t) for representative q values
where q in the momentum transfer vector and t is time, shown in Figure 5.8a-b for the
entire nanoparticle and for each of the blocks separately. The details of the calculations
are given in the supplementary information. At d ~ 7Å (Figure 5.8a), the intensity is fully
decayed within the first 30 Å for all components including the ionic region, namely, the
ionic groups remain dynamic within the clusters. With increasing dimensions (Figure
5.8b) the dynamics of the cluster is highly constrained. This is consistent with
macroscopic experimental macroscopic measurements that have demonstrated that even
low amounts of ionic decoration hinder chain dynamics where the ionic clusters remain
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largely locked.49 The decay of the lower sulfonation levels is slightly faster that the
higher one.

Figure 5.8 Dynamic structure function S(q, t) as a function of time and the
corresponding effective diffusion constants Гs. S(q, t) for (a) q = 0.86 Å-1 and (b) q
= 0.2 Å-1 in cyclohexane/heptane at 500 K. Г1 and Г2 for (c) pentablock and
center block and (d) flexible block and end block as function of q for f =0.30
(closed) and 0.55 (open). The values of Г1 are multiplied by factor of 30.
Two time constants, fast and slow were essential to capture the dynamics.
The values for Г1 and Г2 are given as a function of q in Figure 5.8c-d. With Г being
inversely proportional to the diffusion, with increasing dimensions the dynamics is
constrained. A crossover is observed around the dimensions of the ionic clusters.
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The values obtained for the ionic block are similar to those previously obtained for
assemblies of polystyrene in melts.47

Figure 5.9 Radial mass density at 500 K at 0 ns [■], 20 ns [●], 40 ns [▲], 60 ns [▼], 80
ns [◄ ], and 100 ns [Ö] for (a) flexible blocks (solid) and (b) center blocks (open) of
pentablock for f = 0.55 in cyclohexane/heptane.
With the understanding of the structure and dynamics of the assemblies we set to
explore their response to changing environment. Since ionic polymers are cast into films
from one type of solvent, and then exposed to multiple environments, probing the
response of the micelles is a first critical step to understand the effects of the
surroundings on membranes.
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Figure 5.10 Radial mass density for (a) micelle and (b) center blocks of pentablock in the
mixture of cyclohexane/heptane (solvent inversion: water to cyclohex/hep) for f = 0.55 at
500K. Solid symbol for the micelle and open for center blocks. Original-Cyclohex/hep
corresponds to the system shown in Figure 5.4b.
Here micelles formed in water, a polar solvent were transferred to
cyclohexane/heptane, a non-polar solvent and followed as a function of time. The time
evolution of the density profiles is shown in Figure 5.9a. Initially, at t = 0, the time of the
transfer, all blocks are collapsed with well-defined sulfonated blocks at the interface.
With increasing time, the flexible blocks migrate to the interface and after 80 ns, the
radial density no longer changes. The snapshot of the micelle after 100 ns is shown in the
insert of Figure 5.9a. Though this micelle is formed in water, it is similar in structure to
those assembled directly in cyclohexane/heptane shown in Figure 5.4b, as reflected in
their density profiles (Figure 5.10).
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A close look at the response of the ionic blocks shown in Figure 5.9b reveals that
while the overall dimensions of the micelle grow, the ionic nano network remains rather
stable. The majority of center blocks that reside at outer surface in water migrate only
slightly inward, where the hydrophobic blocks swell and expand into the solvent.
Revealing this network stability as the environment is changed demonstrates the role of
ionizable segments as physical crosslinks. Further, computationally, these results
elucidate that formation of the micelle in a selective solvent is path independent.
Conclusions
Here we were able to resolve new types of well-defined nanometer scale soft,
long lived nanoparticl in selective solvents such as mixture of cyclohexane/heptane and
water. In nonpolar solvents, the particle exhibit core-shell structure for both f where the
centre consists with an ionic blocks framework. The hydrophobic blocks reside within
and around this skeleton. However, in contrast to van der Waals polymers, the core is not
homogenous and the ionic blocks form a long lived ionic network across the assembly. In
water the nanoparticle interface is dominated by ionic groups while the ionic network is
retained and the hydrophobic groups are collapsed. In a hydrophobic environment, the
Na+ counter ions are condensed at the SO3- groups. However, in water, the majority of
Na+ atoms are solvated, away from the surface of the micelle. Increasing the degree of
sulfonation affects the packing of the ionic groups where in cyclohexane/heptane a more
tightly packed network is formed and in water, the interface becomes significantly richer
in the ionic block. Overall we find that the ionic network serves as a long lived skeleton
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of the assembled nanoparticle where the hydrophobic blocks are able to migrate in and
out of this structure depending on the nature of the solvent.
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CHAPTER SIX
STRUCTURE AND DYNAMICS OF IONIC BLOCK CO-POLYMER MELTS:
COMPUTATIONAL STUDY
Abstract
Melts of structured symmetric co-polymers with an ABCBA topology have been
studied by molecular dynamics simulations. Ionizable blocks often facilitate transport and
response in polymeric membranes where tailoring additional blocks enable embedding
multiple functionalities into the macromolecule. Introducing a highly interacting
ionizable block adds a major component to the coupled interactions that determine the
interrelation between the blocks. Here we probe the impact of introducing an ionizable
segment into a structured polymer on its melt structure and dynamics in a symmetric
ABCBA polymer where C consists of randomly sulfonated polystyrene, B is a flexible
poly(ethylene-r-propylene) bridge and end capped with poly (t-butyl styrene). We find
that the melts form intertwined networks of the A and C blocks independent on the
degree of sulfonation of the C block with no long range order. The cluster cohesiveness
and morphology affects both macroscopic translation motion as well as segmental
dynamics of all the blocks.
Introduction
Introducing distinctive blocks into one macromolecule has been an effective path
to tailor micro-domain geometries that offer a portfolio of desired properties.1, 2 As the
complexity of the co-polymer increases, the ability to tailor properties is enhanced,
concurrently controlling the correlations between the nature of the blocks, their local
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phase segregation and multiple dynamics processes from segmental to the macroscopic
motion becomes a challenge. Of particular technological significance are polymers that
consist of ionizable blocks, where their role as ion and charge carriers enables selective
transport, opening new directions for bio-technology3,4 and clean energy.5-7 These
ionizable groups that enable functionality impact the dynamics of macromolecules
through ionic clustering.8-14 In structured polymers however, the interplay between the
factors that control the structure and dynamics of the polymer in the presence of ionizable
groups remain an open question. Here using molecular dynamics (MD) simulations, we
have obtained a distinctive molecular insight into the structure and dynamics of one
structured co-polymer with polystyrene sulfonate as the ionic block. We show that the
ionic clustering not only dominates the macroscopic dynamics of co-polymer melts as
previously shown for polystyrene sulfonate15,

16

but also impacts the packing and

segmental dynamics of segments of all the co-polymer constituents.
The dynamics of macromolecules across a broad time and length scale underline
the unique viscoelastic behavior of macromolecules. It is controlled by the molecular
weight of the polymers, their rigidity and their topology. Further complexity may arise
from long range ordering induced by multiple blocks into the macromolecule.2
Incorporating ionic groups into block co-polymers drives association of the ionic blocks
that in turn, changes the structure and dynamics of the macromolecules.17-20 One such a
macromolecule is a symmetric pentablock co-polymer (ABCBA). The center block (C)
consists of randomly sulfonated atactic polystyrene (PSS). It is symmetrically tethered to
a poly(ethylene-r-propylene) (PErP) (B) and terminated on both sides by bulky atactic
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tert-butyl polystyrene (t-b-PS) (A). This polymer was initially designed with the rational
that the ionizable blocks would facilitate transport and the others would provide tacticity
and mechanical stability. PSS, which constitutes the ionizable block of this structured
polymer, has been well studied where numerous groups have established a correlation
between the presence of ionic clusters and constraint dynamics.9-14 Agrawal et al.15,

16

have recently shown a direct correlation of the association of the sulfonated groups and
the dynamics of the aromatic rings within PSS using MD simulations. Tethered to
potentially mechanical stabilizing blocks this pentablock has been the focus of several
studies including those of solution structure and transport in membranes.21-25 The
characteristics of this symmetric co-polymer result from a combination of ionomer nature
with those of the other the blocks and their topology. The balance between the
characteristics of different blocks remains an important open question that determines
their melt properties.
Significant insight has been obtained from solution studies where a variety of
micellar shapes that depend on the solvent including spherical and elliptical core-shell
arrangements have been identified.20,

26

Recent MD simulations provided detailed

understanding of the competition between the various interactions revealing micelles that
consist of soft nano networks formed by the ionic segments. In hydrophobic solvents, the
particle interface is dominated by the hydrophobic blocks and the ionic blocks form a
long lived ionic network across the assembly. In water the nanoparticle interface is
dominated by ionic groups while the ionic network is retained and the hydrophobic
groups are collapsed.19, 27, 28 The solution structure is a precursor to membranes that are
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commercially cast from cyclohexane-heptane mixtures. The degree of cohesiveness of
the ionic clusters in solution is translated to the membranes and determines the path to
formation of membrane structures. The significance of understanding the detailed
interrelation between blocks is manifested in recent comprehensive studies that
demonstrated the impact of nature of the co-ion transport across membranes.22, 23, 29
The current study is set to resolve the structure and dynamics of melts of this
ABCBA co-polymer. Particularly it probes the effects of sulfonation fraction f, evolving
from a non-ionic co-polymer through the ionomer regime to the polyelectrolyte one,
using atomistic MD simulations. We find that both the structure and dynamics of the melt
are strongly impacted by the size and cohesiveness of the ionic clusters. Following a
detailed account of the model and methodology, the paper introduces structure and
dynamic studies.
Model and Methodology
Pentablocks molecules were modeled using the Optimized Potentials for Liquid
Simulations - All Atoms (OPLS-AA) framework of Jorgensen et al.30,31 The OPLS-AA
potential included both bonded and non-bonded interactions. The bonded potential is sum
of intermolecular bond, angle and dihedral interactions. The non-bonded interaction
Unb(rij) is a combination of the 12-6 Lennard-Jones (LJ) potential and electrostatic
potential,
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where rij is the distance between atoms i and j. !"# is the LJ energy and σij is the LJ
diameter for atoms i and j, and qi is the partial charge for atom i. Berthelot rule εij =
(εiεj)1/2 and Good-Hope’s geometric mixing rule !"# = !" !#

1/2

are used for the LJ energy

and LJ diameter respectively. " is the dielectric constant which in the standard OPLS-AA
model is set to ε = 1. Non-bonded interactions are calculated between all atom pairs of
different molecules and all pairs on the same molecule separated by three or more bonds,
though the interaction is reduced by a factor of 1/2 for atoms separated by three bonds.
The cut-off rc = 1.2 nm is used for all LJ interactions. All electrostatic interactions closer
than rc are calculated in real space and those beyond this range are calculated in
reciprocal Fourier space by using the particle-particle particle-mesh algorithm (PPPM)32
with precision of 10-4.
Thirty randomly sulfonated pentablock molecules with f = 0, 0.15, 0.30, and 0.55
were built using Polymer Builder and Amorphous Cell modules in Accelrys Materials
Studio© 33 and placed in a cubic periodic simulation cell of length L on each side. The
energy of each molecule was initially minimized with the polymer consistent force field
(pcff) force field followed by applying an in-house code to convert to the OPLS
potentials. OPLS parameters for sulfonated groups and alkane are taken from Refs. 3437. These were optimized and capture well the melting point of polyethylene.37 The
pentablock molecules, A-B-C-B-A, had a total molecular weight of ~ 50,000 to 53,000
g/mol depending on the degree of sulfonation with a center block (C) of randomly
sulfonated atactic polystyrene tethered to polyethylene with randomly substituted 1.1%
propylene (B) and end-capped by atactic poly-t-butyl blocks (A). The total wt% of the

118

center sulfonated block is ~40%, while each of the randomly substituted polyethylene
blocks is ~20% and each of poly-t-butyl styrene blocks is ~10%. The counterion is Na+ in
all cases.
The LAMMPS classical MD code38 was used to carry out all the simulations.
Newton’s equations of motions were integrated using a velocity-Verlet algorithm.
Overlapping molecules were removed by running for a few thousand steps with the fix
nve/limit in LAMMPS. The reference system propagator algorithm (RESPA)39 with
multi-timescale integrator with a time step of 1.0 fs for the bond, angle, dihedral, van der
Waals interactions and direct interactions part of the electrostatic interactions and a time
step 4.0 fs for f = 0 and 2.0 fs for f > 0 for long range electrostatic interactions was used
to the accelerate the simulation. Temperature was maintained by using a Langevin
thermostat with a 100 fs damping constant. The systems were first run at constant
pressure P = 1 atm and temperature T = 700 K for 30 ns using the Nose-Hoover
barostat/thermostat with the same damping constant before running the systems at
constant volume of mass densities 0.84, 0.86, 0.88, and 0.90 g/cc for f = 0, 0.15, 0.30,
0.55 respectively for 400 ns. 700K was chosen since it is well above the glass transition
of polystyrene sulfonate (PSS). The system was then cooled to 500 K at a rate 60 K/ns at
constant pressure P = 1 atm and then run at constant volume at mass densities 0.87, 0.89,
0.91, and 0.93 g/cc for f = 0, 0.15, 0.30, 0.55 respectively for 150 ns. To understand the
effect of the strength of the electrostatic interactions on the structure and dynamics, the
dielectric constant was increased from ε = 1 to 2, 5, 10 and 20 for f > 0 after 400 ns at
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700K and then run for an additional 200 ns. The f = 0.15 was also run at 500K for the
same four values of ε.
The static structure factor S(q) was calculated as a function of q for melts of
pentablock for all f. S(q) is calculated from
4
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where N is the number of atoms in the chain and the scattering lengths are bH = −3.7406
× 10−15 m for hydrogen and bC = 6.6511 × 10−15 m for carbon.
The mobility of the pentablocks was measured by the mean square displacement
(MSD) for the entire pentablock and each of the three blocks,
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Segmental motion of polymer on different length scale was further determined by
measuring the dynamic structure factor S(q,t)
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S(q,t) results are fitted with either single exponential ! ", $ = &' -)* , where, A is
constant and Г is simple diffusion and double exponential ! ", $ = &' ( -*+, + &. ( -*/, ,
where A1 and A2 are constants, and Г1 and Г2 are effective diffusion coefficients.
To analyze the ionic clusters, we measured the distribution of ionic clusters and
the mean cluster size. Two ionic groups SiO3- are considered to be in the same cluster if
the two S atoms are separated by less than a prescribed distance.
Results and Discussion
A. Structure
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Pentablock melts were probed as the sulfonation fraction was varied from f =0 to
0.55. This range of f depicts the crossover from non-ionic to ionomer followed by
transformation into a polyelectrolyte. Images of the melts at 500 K are shown in Figure
6.1 for the non-ionic polymer and Figure 6.2 for the ionic ones. For all polymers,
independent of the sulfonation fraction, the blocks are locally phase segregated with the
aliphatic block percolating across the melts. The end block appears segregated from both
the PSS and the PErP block. In contrast to co-polymers with blocks of volume fractions
close to each other, neither the non-ionic nor the ionic polymer melts exhibit long range
correlations. The melt of the non-ionic copolymer, shown in Figure 6.1, consists of
intertwined domains of segregated PS and t-b-PS in a continuum of PErP. While the two
aromatic blocks segregate from the PErP, they do not intermix. These domains propagate
across the melt. Similar structures have been recently reported by Feng et al.2 for tetra
and heptablock non-ionic copolymers. Using X-ray scattering they have demonstrated
that micro-phase separation occurs between incompatible blocks leading to a morphology
which consists of a continuous region of poly(ethylene-r-propylene) and a mixture of
poly-(cyclohexylethylene) and polyethylene blocks.
Increasing f from 0 to a finite value, only slightly affects the overall distribution
of the different blocks as shown in Figure 6.2. The ionic groups associate within the PS
domain. The size of these ionic clusters increases with increasing f, eventually forming an
ionic network which percolates across the sample along the styrene domains for f =0.55.
The clusters include ionic groups from multiple polymer chains for all f studied. These
results are in good agreement the experimental observations of Choi et al.25 who found
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that membranes of this polymer with f =0.10 and 0.26, form isolated ionic microdomains
whereas membranes with high f (f =0.39 and 0.52) exhibit a bicontinuous microphaseseparated morphology of ionic groups. These clusters are typical of PSS as has been
shown experimentally

10,18

and computationally.15,

16

However, the presence of the

additional blocks impacts the shape, size and distribution of these clusters and their
cohesiveness.

Figure 6.1 Non-ionic pentablock melt (f = 0) at 500 K for (a) entire melt, (b) PS and t-bPS, (c) PS, (d) t-b-PS. Box length L ~160 Å. Blue represents the center PS, orange the tb-PS and green the PErP.
Beyond the formation of ionic clusters, increasing f affects the overall dimensions
of the individual co-polymers in the melt as reflected in the mean squared radius of
gyration <Rg2>1/2, which at T = 500 K is 44.3, 40.2, 38.5, and 37.5 Å for f = 0, 0.15, 0.30
and 0.55 respectively. These changes are a first indication that clustering of ionic groups
impacts the packing of the entire polymer.
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Figure 6.2 (a) Melts of the pentablock at the indicated sulfonation fractions, (b) PSS
center block from the melts in (a). All results are for 500K with ε =1. Blue represents the
center PS, orange the t-b-PS and green the PErP. Oxygen atoms are red, sulfur atoms
are yellow, and sodium atoms are gray.
The effects of ionic clustering on the structure, were extracted from the calculated
static structure factor S(q) for all melts, following equation 6.2. Ionic clustering in PSS4042

and other ionic polymers such as poly(ethylene-co-acrylic acid)43 has been detected by

scattering experiments. S(q) results are presented in Figure 6.3. S(q) for f = 0 consists of a
broad peak at low q range which quantifies the average thickness of the PS and t-b-PS
domains as depicted in Figure 6.1-c. With increasing f a well-defined peak that
corresponds to the ionic clusters developed around q = 0.2, 0.16 and 0.16Å-1 for f = 0.15,
0.30 and 0.55, corresponding to average dimensions of ~32 Å, 40 Å, and 42 Å
respectively. These results show that with increasing f the size of the ionic clusters
increases. Further, the intensity of this signature increases and the line narrows with
increasing f. The changes in intensity and dimensions are captured in the inset of Figure
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6.3. These changes in line shape depict the formation of denser packing of the ionic
groups and concurrently, a decrease in the domain size distribution. While the overall
styrene domain sizes have only slightly changed, the ionic groups cluster driving a more
tightly packed ionic domain.

Figure 6.3. S(q) as a function of q for melts of pentablock at the indicated f with ε =1 at
500 K. Inset shows the intensity of S(q) at q=0.2 (left axis) and the corresponding
dimension d (right axis) as a function of f.
With increasing q, a signature centered around q ~ 0.7Å-1 (9 Å) is observed. This
signature that does not appear in S(q) for only the PErP block and is not impacted by f. It
is attributed to the intramolecular dimension associated with the aromatic rings. An
additional peak, centered around q ~ 1.6Å-1 (4 Å), corresponds to inter molecular
packings including that of the PErP block and those of the aromatic rings. The peaks are
broad and thus overlapping. They reflect the wide distribution of intermolecular packing.
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While the intensity of the signature that corresponds to the ionic domains increases with
increasing f, the intensity of the peak centered around a distance of 4 Å decreases and the
line broadens. This change in line shape is attributed to disruption in packing arising from
confinement of the chains by the ionic aggregates.
The static structure factor S(q) shows that the ionic clusters dominate the nm
length scale in these melt. To understand the effects of cluster cohesiveness, size and
morphology on the structure we resolved the cluster size and its distribution following
tuning the dielectric constant, and captured the changes in S(q). The average ionic cluster
size for ε = 1, 5, 10 and 20 for f = 0.15 is shown in Figure 6.4 where two ionic groups are
considered to be in the same cluster if the sulfur atoms are separated by less than 6Å,
defined from the center of mass of the atoms. This distance corresponds to the minimum
distance between two sulfur atoms can approach each other and thus these clusters are of
highly correlated dipoles. The association of the counterions within the ionic clusters is
shown in the insert of Figure 6.4-a. With increasing dielectric constant, less of the
counterions are condensed as expected for ion-pairs in high dielectric media, though the
counterions remain within the PS domains for all e. Surprisingly however, a larger
fraction of the Na+ cations are condensed with increasing f for the same value of e. This is
attributed to the fact that with increasing the fraction of sulfonated groups, the polarity of
the PS domains increases making it “an electrostatic trap” for the cations. Similar to
melts of PSS,16 increasing the dielectric constant results in a decrease of the average
cluster size. Above ε =10 hardly any clusters are formed. Increasing the temperature does
not affect this average cluster sizes.
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Figure 6.4 (a) Average cluster size as function of ε for f = 0.15 (circles) and 0.30 (up
triangles) at 500K (full) and 700 K (open). Inset shows percent of Na+ condensed as
function of function of ε for f = 0.15 (circles), 0.30 (up triangles), and 0.55 (stars). (b)
Percolation map for f = 0.30 with ε = 1 T=500 at the indicated cutoffs, and (c)
Percolation map for f = 0.30 with ε = 10 at indicated cutoffs.
As electrostatic interactions are long range and decay with inverse the distance
between the charges, we have probed cluster percolation across the membrane as the
cutoff radii were varied between 6-10 Å. An ionic cluster is considered to percolate when
there is a continuous path across the sample in all three directions.44,

45

Figure 6.4-b

describes percolation analysis in a melt of f = 0.30 at e=1. Melts with f = 0.30 are on the
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border of isolated/percolated regions. For a cutoff of 6 Å, isolated clusters are observed.
Increasing the cutoff to 7 Å hardly affect the results. However, following the clusters
across the sample for 8 Å show one percolating cluster, where at 10 Å the ionic cluster
percolates. The short cutoff radii of 6-7 Å detect only tightly packed clusters, where
increasing the cutoff to 8-10 Å, detect ionic groups that are within the electrostatic
interactions however are not necessarily forming dipoles or quadrupoles, as was observed
in PSS. Increasing e to 10, results in release of the constraints and allows the sulfonated
group to rearrange as is shown in Figure 6.4-c. In contrast to PSS the ionic clusters are
confined into one of the blocks forming an assembly with different cohesiveness that
include both the dipole arrangements and the distance in between adjacent dipoles.
S(q) for each of the blocks as the ionic cluster size and cohesiveness are tuned by
varying the dielectric constant of the melt are shown in Figure 6.5 for f = 0.15. The
structure factor for the entire polymer is depicted in Figure 6.5-a and S(q) of the
individual blocks are shown in Figure 6.5b-d. The ionic signature of the pentablock and
for PSS is highly sensitive to changes in the dielectric constant. With increasing the
dielectric constant, the intensity decreases however the position of the peak hardly
changes (Figure 6.5-a). As the clusters dissociate, the peak broadens significantly,
however the ionic block remains largely segregated, as indicated by the broad signature
in S(q). While no tightly associated ionic groups remain above e = 5, they remain within
the region defined by the PSS, segregated from the rest of the polymer, forming a noncohesive ionic domain is further emphasized in S(q) for the PSS block in Figure 6.5-b.
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The chain packing for both the PSS and the PErP chains broadens up with
increasing the dielectric constant as reflected in the peak in S(q) at q~1.2 Å-1. While both
the PSS and PErP blocks packing is affected by the dissociation of the ionic clusters, the
terminal t-b-PS block remains unchanged.

Figure 6.5 S(q) as a function of q for (a) co-polymer, (b) PSS block, (c) PErP block, and
(d) t-b-PS block for f = 0.15 at indicated ε for T = 500 K.
Here we find that all blocks mutually phase segregate however the co-polymer
does exhibit long range order. PSS blocks segregate to form clusters at low dielectric
constants that become significantly less cohesive with increasing dielectric constant,
however they remain segregated from the rest of the polymer. Further we find the
packing of the rubbery block is affected by the ionic clusters, even though this block is of
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the highest volume fraction. The terminal block is unaffected by changes in ionic
clustering.
B. Dynamics
The dynamics of flexible and semiflexible polymer melts is dictated by a conjunction
of their molecular weight, their Kuhn length and their entanglement length.46 In ionomer
melts where ionic clusters add constraints, the dynamics become yet more complex. Here
we follow the dynamics of the pentablock co-polymer while tuning the ionic clusters. The
dynamics of the melts was probed initially by calculating MSD of the center of mass of
the blocks compared with that of the individual chains following equation 6.3. The results
are presented in Figure 6.6 for T = 700 K. The mobility of the entire co-polymer follows
that of the PSS block, which is considerably slower than the other blocks for all f. Not
surprisingly, the mobility of the center block is further reduced as f increases as the
addition of a small amount of ionic groups significantly reduces the mobility of chains.
Both the flexible and end blocks move larger distances than the center blocks for all f
values. Increasing the fraction of ionic groups has a measurable effect on the dynamics of
flexible and end blocks. Over the time of the measurement (200 ns), the co-polymer did
not move its own dimensions however while the diffusion is impacted by the ionic block,
the non-ionic segments remain dynamic.
The impact of the cluster cohesiveness, tuned via the dielectric constants, on the
translation of the polymer was calculated from the MSD by extracting the distance the
entire polymer propagated over 200 ns. Note that MSD is measured for the center of mass
of each of the species. The results are shown in Figure 6.7 for f = 0.15, 0.30 and 0.55.
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While the overall translation of the polymer is rather small, it increases as the degree of
cluster propagation across the sample decreases (Figure 6.5).

Figure 6.6. (a) Mean square displacements for the indicated block; (b) the distance over
which the indicated species moves over 200 ns as a function of f for T = 700 K.
Further insight into dynamics was obtained by following the segmental motion of
the pentablock and its constituents by measuring the dynamic structure factor S(q,t) at
different length scales as shown in Figure 6.8. S(q,t) was calculated across a q range of
0.1- 0.5 Å-1, a range that encompass the length scales of the ionic domains and chain
packing. For q < 0.2 Å-1, S(q,t) hardly decays over the time scale of the measurement
signifying constraint of motion, below which the intensity decays with characteristic time
constants that describe the motion captured at different q values. The overall relaxation of
S(q,t) for the entire pentablock and the ionizable one are rather similar, as shown in
Figure 6.8-a where the rubbery and end block relax significantly faster as shown in
Figure 6.8-b.
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Figure 6.7. The distance the indicated species move over 200 ns as a function of
dielectric constant e for f = 0.15 (circles), f = 0.30 (up triangles), and f = 0.55 (stars) at
T = 700 K.
The results for S(q,t) are further analyzed to extract the time constants for each of
the constituents. A single exponential was sufficient only for q= 0.1 Å-1. A double
exponential was able to capture the dynamics for q>0.1 Å-1
The effective diffusion coefficients Г1 and Г2 (by definition Г1 <Г2) as a function
of q are shown in Figures 6.8-c and d. Both Г1 and Г2 increase linearly with q for q < 0.5
Å-1 with a crossover to a faster increase for larger q around the Rg = 13 Å of the
individual blocks. While Г1 is significantly slower than Г2, it is essential to include to fit
the data for all blocks. It is attributed to the proximity of segments to the sulfonated
groups; however, the origin of these slow components remains an open question. As seen
in Figure 6.8d, the segmental motion of the t-b-PS is slower than that of the polyethylene
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segments in the PErP block. This is consistent with the fact that the t-b-PS is collapsed
compared to the PErP block, constraining it segmental dynamics.

Figure 6.8. S(q,t)/S(q,0) as function of time for the indicated q values at T = 700 K for
(a)

pentablock (full)

and PSS (open), (b) PErP (full

symbols) and t-b-PS (open

symbols), at indicated q values, (c) effective diffusion of the co-polymer and PSS (d)
effective diffusion for t-b-PS and PErP. In S(q,t) the symbols correspond to the data and
the solid lines to the fitting. In c and d, the dotted line is a guide to the eye.
The correlation between the cohesiveness of the ionic clusters and translational
motion has been introduced in Figure 6.7. S(q,t) calculations were extended to the
pentablock at different ε values. Figure 6.9 depicts S(q,t) for five values of ε for the
pentablock chains, the PSS, the PErP and the t-b-PS blocks for f = 0.15 at q=0.2 Å-1 for
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T = 700K. The values measured for the non-ionic pentablock co-polymers at the same q
values are plotted as well.

Figure 6.9 S(q,t)/S(q,0) as function of time for f = 0.15 (symbol) and f = 0 (line) at q =
0.2 Å-1 for (a) pentablock (b) PSS (c) PErP , and (d) t-b-PS block at indicated ε values at
T = 700 K.
With increasing the dielectric constant, the segmental dynamics of the entire copolymer and the ionic blocks increase (Figure 6.9a and b). The dynamics of the PErP and
the t-b-PS is only slightly affected. The dynamics for all components however is slightly
slower in comparison with that of the non-ionic co-polymer except for PErP. This
difference is attributed to the electrostatic interactions within the PS domain that persist
even when the actual ionic clusters are dissociated.
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Figure 6.10 Effective time constant for pentablock, PSS, PErP, and t-b-PS block for f =
0.15 (full) as function of ε and for f = 0 (open) with ε =1 for q = 0.2 Å-1 at T = 700K.
The effective diffusion constants Γ extracted from a single exponential fit of the
data are shown in Figure 6.10. For both the entire polymer and the ionic blocks, the
effective diffusion increases with increasing ε and levels off at around ε = 5. The other
two blocks are hardly affected. With increasing ε and dissociation of the ionic clusters,
both the center block and the entire pentablock become significantly more mobile. These
dynamic measurements show that the ionic clusters dominate the motion of the entire copolymer and affect segmental dynamics within all blocks. With increasing dielectric
constant, the cluster dynamics changes, removing the locking of the ionic pairs, and
enhancing translational dynamics of the chains as well. The unlocking of the ionic cluster
removes the need for two time constants to capture the dynamics, however the inherent
segregation between the blocks remain a constraint.
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Conclusions
The study revealed the effect of ionic clustering on the structure and dynamics on
multiple length scales in structured symmetric ionic co-polymer. We find that the degree
of substitution by ionizable groups is one critical parameter that controls the structure and
dynamics of polymers. No long range ordering is observed in either the non-ionic or the
ionic co-polymers where intertwined domains of PS and t-b-PS, segregated from each
other, form co-continuous domains across the melt which are segregated from the PErP
domains. This type of co-continuous structure was previously observed by Feng et al.2
and co-workers. For f=0, this structure is attributed to the incompatibility of the aliphatic
and aromatic blocks coupled with the relatively high volume fraction of PErP compared
to the two PS based blocks which are not miscible. The ionic groups associate within the
PSS domain and enhance segregation of the PSS block with the t-b-PS block. For f =0.15
isolated ionic clusters are formed. Increasing f to 0.30 results in ionic clusters which are
very near the percolation threshold whereas melts with f = 0.55 exhibit percolating ionic
networks. The ionic clusters show a well-defined signature in S(q), whose intensity
increases and line width decreases with increasing f as a result of the tightly packed ionic
groups. Reducing the electrostatic interactions by increasing the dielectric constant ε
reduces the average cluster size and their cohesiveness.
Both the segmental and macroscopic motions of the polymer molecules
significantly decrease as f increases. We find that similar to PSS, the addition of a small
fraction of ionic groups significantly slows the mobility of the center of mass of the copolymer. Surprisingly, the segmental dynamics, as determined from the decay of the
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dynamic structure factor S(q,t), slows down for not only the entire pentablock and the
center block but also the flexible and end blocks as f increases. Reducing the strength of
the electrostatic interactions, by increasing the dielectric constant, breaks up the ionic
clusters, thereby increasing the mobility of the entire pentablock as well as all three
blocks.
In contrast to ionic homopolymers, in this symmetric pentablock copolymers the
ionic groups are segregated to one of the domains, where their cohesiveness affects the
structure and dynamics of the entire co-polymer.
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CHAPTER SEVEN
COMPUTAIONAL INSIGHT INTO INTERFACIAL BEHAVIOR OF STRUCRURED
IONOMER THIN FILMS IN WATER
Abstract
Resolving the interfacial behavior of polymer segments and their dynamics upon
exposure in solvent environments is a key to tune the desired transport properties. Here
we probe the molecular level understanding of interfical and bulk behavour of ionic
structured ABCBA co-polymer consists of randomly sulfonated polystyrene (C), a
flexible poly(ethylene-r-propylene) (B) bridge and end capped with poly (t-butyl styrene)
(A). We find that the interfacial rearrangements of individual segments of polymer take
place where ionic segments which were initially away from interface migrate towards the
water interface. Hydrophobic segments which are at interface slowly move away from
surface. Further, multi steps water penetration process are obtained. Onset of slow
penetration is observed at the early stages. Water molecules then diffuse along the
percolating pathway formed by ionic center block. Penetration occurs due to change in
bulk morphology. Water molecules form a new set of ionic networks with ionic groups.
Water uptake and rate of penetration is enhanced with increasing sulfonation fraction and
temperature.
Introduction
Enhancing molecular complexity of the polymers by tailoring highly reactive
blocks presents an immense step to offer a path to tailor desired properties. Introducing
an ionizable block however, affects their delicate balance of interactions that control the
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transport. These highly segregating blocks are often of dissimilar affinities to guest
molecules, making solvent penetration a compounded process.

Depending up on

chemical nature of solvents, and the interaction with the polymers, the interfacial
rearrangement of polymers takes places which ultimately control to transport properties.
However, the interplay between factors that control the interfacial behavior of complex
polymers in the presence of ionizable groups remains an open question. Here we probed
the molecular level understanding of interfical and bulk behaviour of ionic structured copolymes using atomistinc molecular dynamcis (MD) simulations. We find that the
interfacial structure and response of hydrophobic and hydrophilic segments of complex
polymers including their dynamics at interface differ from the bulk ones which ultimately
affect the penetration process of guest molecules.
The significance of interfaces has led to several studies,1-9 among them
Zawodzinski et. al10, for instance, found a time lag at the onset of water penetration into
Nafion membranes, which was interpreted as interfacial effects. Benziger et al.5 have
revealed a delay in the penetration of solvent into Nafion membrane which they have also
translated as interfacial effects. Further, He et al.6 have investigated water penetration
into thin sulfonated polyethylene ionomer films by using neutron reflectometry. Their
result depicted that a delay time for the onset of diffusion of water is observed and
interpreted in terms of interfacial barrier to diffusion. However, only limited knowledge
is available for understanding the impact of interface on water mobility.
Depending on the preferential segregation of a particular blocks or segment to the
specific interface, the processes that take place at the interface may further facilitate or
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inhibit transport. The interfacial regions between blocks of different functions are crucial
because these regions control the properties of polymers, while concurrently forming the
boundaries of the domains that retain the stability of the polymer network. Response of
incompatible blocks of polymers with solvents can change the penetration and
distribution of solvents. Rate of diffusion of solvent molecules is depend up on the
relaxation of polymer segments. The time dependency is explained by Fickian type I,
type II and non-Fickian diffusion.11-14 When the diffusion rate slower than relaxation rate
of polymer, the diffusion is well captured by Fickian where mass uptake of the penetrant
increases as a function of t1/2. Water is present in the processing as well as operating
environment of the polymeric membranes where transport properties are highly water
dependent. Water molecules can diffuse within the membranes in several ways. For
example, they can associate either with the extremal interfaces as a surface bound solvent
or with ionic clusters within the ionomer matrix.15 Water molecules clustering around the
ionic groups can form long-range networks in turn provide paths for proton transport and
water diffusion.
The current study is set to resolve the interfacial behavior of multifunctional
pentablock (ABCBA) copolymer which has ionizable blocks that would facilitate
transport and the others would provide flexibility and mechanical stability. The center
block (C) has randomly sulfonated atactic polystyrene connected both sides to
polyethylene-r-ethylene (B) that allow to control over mobility and rearrangements of the
polymer and terminated on both sides by bulky atactic tert-butyl polystyrene (A). It also
probes the effects of sulfonation fraction f, evolving from the ionomer regime to the
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polyelectrolyte one, and temperatures using atomistic MD simulations. We find the new
set of interfacial rearrangements that affect the water penetration process.
Model and Methodology
The All Atoms Optimized Potential for Liquid Simulations (OPLS-AA) force
field by Jorgensen et.al.16,17 and update parameter for alkane18 was used to model the
pentablock. Water molecules were modeled using the TIP4P/2005 model.19 All LJ
interactions are cutoff at rc = 1.2nm. All electrostatic interactions closer than rc are
calculated in real space. Those beyond 1.2 nm are calculated in reciprocal Fourier space
by using the particle-particle particle-mesh (PPPM) algorithm with precision of 10−4.20
Membranes of thirty pentablock molecules of molecular weight ~50,000 g/mol
were constructed using Polymer Builder and Amorphous Cell modules in Accelrys
Materials Studio©.21 The atactic polystyrene center block was randomly sulfonated with
sulfonation fraction f = 0.30 and 0.55. The counterion was Na+ in all cases. The number
of molecules and box dimensions were taken to make a reasonably thick membrane.
Systems were run at constant volume for 200 ns at 700 K, above the glass transition of
sulfonated polystyrene. Since morphology of ionic clusters did not change after 200 ns
we consider these systems to be close to equilibrium. Thin films were made from those
membranes samples by unfolding chains in z-directions and extending the length of the
simulation cell Lz to 40 nm, more than twice the length in the other two periodic
directions L|| = Lx = Ly = 16 nm. This Lz = 17 nm effectively excluded any interaction
between the upper and lower interface of the thin films across the z-periodic boundary.
The films were further equilibrated for 100 ns at 700 K.
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For the water film, we first equilibrated a system of 64000 water molecules in a
simulation cell with dimension matching that of the pentablock film. A water slab of 6
nm thick was cut out of the bulk simulation and placed in contact with one surface of the
pentablock film as seen Figure 1a. Two flat repulsive walls were placed at upper and
lower edge of the simulation cell to impede water molecules crossing directly from one
side of the membrane to the other.
All simulations were carried out using the LAMMPS classical MD code.22 The
Newton equations of motions were integrated using a velocity-Verlet algorithm with a
time step δt = 1 fs. Temperature of the system was maintained by using a Langevin
thermostat with a 100 fs damping constant. All the simulations were performed at
constant volume for 500-600 ns.
Results and Discussion
Pentablock membrane were exposed in water for sulfonation fraction which
varied from f =0.30 to 0.55. This range of f depicts the crossover from ionomer to
polyelectrolyte range at 400 and 500 K. Image of the pentablock membrane for f = 0.55
after the thick water film is placed in contact with polymer surface is shown in Figure
7.1a. The interfacial composition of surface in contact with water changes with time as
shown in Figure 7.1b and 7.1c. Before exposure water, interface is dominated by the
hydrophobic PErP and t-b-PS blocks. As time progresses, water molecules begin to
transverse the hydrophobic rich surface where surface composition of individual blocks
starts to rearrange. After approximately 20 ns, a few sulfonated groups begin to appear at
the interface and number of PSS chains at the surface increases with time. More PSS
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chains migrate towards surface as the system thermally annealed from 400 to 500 K.
Interestingly, t-b-PS blocks collapse into individual blobs which are segregated from
other blocks. Similar results are obtained for f = 0.30 These results are good agreement
with our23 micelle studied of this co-polymers in water. Micelle interface is dominated by
ionic groups while hydrophobic blocks are collapsed and retained away from water
interface.

Figure 7.1 (a) Side view of membrane with f = 0.55 and water at 10 ns. Top view of film
interface in contact with water at (b) 400 K and (c) 500 K at indicated times. The t-butyl
polystyrene block is shown in orange, ethylene-propylene block in green, polystyrene
block in blue, oxygen atoms in red, sulfur atoms in yellow, sodium atoms in gray, and
water molecules in violet.
The distribution of entire co-polymers, water molecules, and individual blocks
both in bulk and at interface as expressed in mass density profiles measured from the
center of membrane as a function of time for f = 0.30 at 500 K is shown in Figure 7.2.
These results further reveal the structural details. Density profiles for entire co-polymers
is less uniform from the center of membrane with rough surface at t = 0 ns. Profiles
became more uniform in bulk and smoother in the surface as more water molecules
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penetrate into the membrane with time as shown in Figure 7.2a. Mass density profiles of
individual blocks with time further support their structural rearrangements. With
increasing time, the PSS blocks migrate towards the water interface as shown in Figure
7.2b. Interestingly, density of PErP blocks at interface decreases with time which signify
they move away from surface. However, density profiles of t-b-PS blocks hardly changes
with time. These results further support the visual observation seen in Figure 7.1.

Figure 7.2. Mass density profiles in z of (a) co-polymer (full) and water (open), (b) PSS,
(c) PErP, and (d) t-b-PS block as a function of distance for f = 0.30 at indicated times at
500 K.
Water molecules penetrate into the membrane as a function time as shown in
Figure 7.3 for f = 0.30 and 0.55 at 500 K. After ~120 ns, water molecules have begun to
transverse the membrane and reach the other side. This is observed for all 4 systems
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studied, though the time to transvers the membrane increases for lower temperature and
sulfonation fraction.

Figure 7.3. Images of water molecules at indicated times for (a) f = 0.30 and (b) 0.55 at
500 K. Membrane is shown in light green, oxygen atoms in red, sulfur atoms in yellow,
and water molecules in violet color.
The water uptake is further quantified by calculating the number of water
molecules per unit area inside the membrane as a function of time as shown in Figure
7.4a. We find a three step water uptake processes for all cases. Initially there is a very
slow uptake at the early times as the water molecules transverse the hydrophobic rich
surface before reaching the hydrophilic regime. This is the stage where surface
composition starts to change. As water molecules find ionic groups they then diffuse fast
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along the percolating network formed by sulfonated center blocks. This is the stage where
morphology of ionic clusters begins to change.

Figure 7.4. (a) Number of water molecules per unit area inside the membrane N as a
function of time for f = 0.30 and 0.55 at 400 K (open) and 500 K (full). (b) Images of SO3Na+ groups with water molecules after 10 and 600 ns (left). Magnified images of sample
ionic cluster associated with water molecules at indicated times for f = 0.55 at 500 K
(right). Other blocks are not shown for clarity.
Penetration occurs due to change in bulk morphology where water breaks physical
crosslinks of ionic groups. However even after 500-600ns the water uptake continues to
increase and shows no signs of saturating. Overall, the water uptake is increasing with
higher f and temperature. This result is in good agreement the experimental observations
of Geise et al.24 who found that water uptake into membranes of this polymer increased
with increasing the degree of sulfonation fractions.
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Water changes morphology of ionic cluster as shown in Figure 7.4b for f = 0.55 at
500 K. Before exposure to water, the sulfonated group forms one large ionic cluster that
percolates in all three directions. In the presence of water, this cluster breaks into smaller
ones as water molecules associate with the ionic groups. Almost all water molecules that
penetrate the membrane are associated with an ionic group. Few are in the hydrophobic
region of the membrane.

Figure 7.5. Average cluster size of sulfur atoms (left axis), and number density of water
molecules (right axis) as function of time for f = 0.30 and f = 0.55 at 500 K for a slab
taken from center of membrane as shown in insert.
To follow the time evolution of individual ionic clusters with water, we have
taken a sample of the ionic cluster from the center of membrane as seen in Figure 7.4b in
right. The first image is at 10ns before any water molecules have reached the center of
the membranes. Subsequently as more water molecules penetrate the membrane and
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associate with ionic groups, the ionic clusters break into smaller ones. Interestingly, the
water molecules and sulfonated groups form a new set of ionic networks. A similar result
is observed for f = 0.30.

Figure 7.6. (a) Interfacial width of membrane, (b) number of sulfur atoms at interface as
a function of time for f =0.30 and 0.55 at 400 (open) and 500 K (full).
The average cluster size of sulfur atoms and number density of water molecules
are calculated for both f as a function of time for a slab of thickness 4 nm taken from the
center of membrane as shown in insert image of Figure 7.5. At early stages, average
cluster size is very large it spans the entire slab. With the time, the ionic clusters break
into smaller ones in both f, resulting in decrease of average cluster size with time as
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shown in Figure 7.5. Further, for both f, the number density of water molecules within the
slab increases with time. However, more water molecules penetrate into slab as
increasing f.
Interfacial effects are further captured by calculating the interfacial width by
fitting the density profiles as shown in Figure 7.2a to an error function erf (z/ √2 ∆),
where ∆ is interfacial width. As shown in Figure 7.6a, the interfacial width initially
decreases over the first 100 ns for both sulfonation fraction and temperatures and then
level off as more ionic groups appear on the surface. These results further support that
interface become smoother as time processes in water. To further quantify how many
ionic groups, emerge on the surface, we counted the number of sulfur atoms on the
surface as a function of time. The results are shown in Figure 7.6b. The number of sulfur
atoms increases with increasing time for both temperatures. Interestingly, more sulfur
groups appear on surface for f = 0.30 than that for f = 0.55. Our25 previous melts studied
of this pentablock co-polymers revealed that melts for f = 0.30 result in ionic clusters
which are very near the percolation threshold whereas melts with f = 0.55 exhibit
percolating ionic networks. This could be the reason that smaller clusters that formed in f
= 0.30 have less restriction to move as compare to the bigger cluster formed in f = 0.55.
Both the interfacial width and number of sulfur atoms at the surface increase with
increasing temperature. This result is good consistent with the visual observations shown
in Figure 7.1b and c where the number of ionic groups at the interface increase with time.
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Dynamics of Polymer Segments
Understanding the dynamics of individual segments in bulk and at interface upon
exposer in solvent environments is crucial to tune the desired transport properties.
Depending on the interaction between polymer segments and solvent molecules, the
processes that take place at the interface may further facilitate or inhibit transport.

Figure 7.7. Images of highlighted sample (a) a SO3- cluster (b) a chain of PErP, and (c)
a chain of t-b-PS at interface (upper) and in bulk (lower) for f = 0.55 at 500 K at
indicated time.
Here we further probed the structural rearrangements of individual segments of
pentablock and their dynamics in bulk and at interface after exposing membrane in water.
Figure 7.7 shows the images of a highlighted sample of cluster, chain of PErP, and chain
of t-b-PS block from both bulk and interface of membranes as a function of time for f =
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0.55 at 500 K. Ionic segments favor water and ultimately they move toward interface as
seen Figure 7.7a. A sample cluster which was initially away from interface migrate
towards the water interface with time. Size of cluster slowly increases as more water
interacts. Cluster which was in bulk could not significantly move even though it’s
morphology changes. It has more restriction from other blocks than that at near interface.
Exciting result is captured for PErP segment as time progresses in water as shown in
Figure 7.7b. A chain of PErP at interface collapses into smaller dimension and move
away from surface whereas it’s structure remains almost similar in bulk. This result
shows that hydrophobic interactions dominate the structure of PErP segments at interface
and they remain more well defined upon exposing in water. Further, structure of other
hydrophobic t-b-PS chain hardly changes with time in both places as seen in Figure 7.7c.
However, a t-b-PS chain at interface moves slightly away from water interface.
Insight into dynamics of a highlighted sample as shown in Figure 7.7 was further
detected by following the center of mass motion of their individual segments as a
function of time as shown in Figure 7.8. Center of mass for all samples at a time is
normalized by subtracting center of mass of cluster at 0 ns. Interestingly, cluster moves
slowly at the beginning where interface was highly dominated by hydrophobic groups.
Approximately at 100 ns, it significantly moves towards the water interface. As it appears
on surface, it remains there whereas it’s morphology changes. Dimension of a cluster
slowly increasing as breaking into smaller ones which is nicely captured by radius of
gyration (Rg) as function time as shown insert Figure in 7.8
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Figure 7.8. Center of mass (COM) of highlighted sample of a SO3- cluster (blue), a chain
of PErP (green), and a chain of t-b-PS (orange) in z as a function of time for f = 0.55 at
500K. ZCOM is normalized by ZCOM(t) - ZCOM (0) of cluster. Membrane is shown in light
green. Insert shows radius of gyration for highlighted sample as a function time.
Similarly, Rg of a cluster in bulk changes slowly with time as shown in Figure
7.9. The hydrophobic segments which are at interface slowly move away from water
interface with time as shown in Figure 7.8. Rg of a PErP chain at interface significantly
decrease at the initial stage and its dimension remains similar as time progresses in water.
However, Rg of PErP chain in bulk hardly changes with time as shown in Figure 7.9. Rg
of t-b-PS chain both in bulk and at interface further supported that it’s dimension did not
change regardless of the places.

These results further support that interfacial

rearrangements occur where hydrophobic dominated surface became more soother as
dimension of PErP chains change and hydrophilic segments move toward water interface.
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Figure 7.9. Radius of gyration of highlighted sample of cluster, a chain of PErP, and a
chain of t-b-PS in bulk as a function of time for f = 0.55 at 500K. Insert shows images of
highlighted sample.
Conclusions
Here we were able to resolve the molecular level understanding of interfical and
bulk behavour of ionic structured copolymers upon exporer in water. We find that the
interfacial rearrangements of individual segments of polymer take place, where number
of ionic groups migrate towards the water interface as time progresses. While water
penetrating into membrane, three steps water uptake processes are obtained. Slow
penetration occurs across hydrophobic interface. Water penetrate along a percolating
network formed by ionic domains. Penetration affected by change in bulk morphology.
As water molecules associated with ionic groups, they break the ionic clusters.
Interestingly, the water molecules form a new set of ionic networks with ionic groups
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which in turn provide the path for the transport. Increasing temperature and f enhance
both amount of water uptake and rate of transport.
We further find the structural rearrangements of individual blocks of pentablock
and their dynamics nature in bulk and at interface. Resolving their dynamics upon
exposer in solvent environments is key to tune desired transport properties. We reveal
that ionic segments which were initially away from interface migrate towards the water
interface whereas hydrophobic segments which are at interface slowly move away from
surface. The dimension of PErP chains at interface is decreased with time, however, their
size hardly changes in bulk. Rg of t-b-PS chain both in bulk and at interface did not
change regardless of the places.
This study revealed that interfacial rearrangements of polymer segments highly
affect the transport properties. The processes that take place at interface depend on the
interactions between polymer segments and solvent molecules, and ultimately play a
crucial role to further facilitate or inhibit transport.
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CHAPTER EIGHT
SUMMARY
The main goal of this study has been to resolve the impact of ionizable blocks on
structure and dynamics of structured ionic pentablcok co-polymer in solutions, melts, and
thin films using atomistic molecular dynamics simulations. Particularly, the study
focused on single chains and their assembly, to membranes, and ultimately water
penetration into these membranes.
1. Phase behavior of single chain in dilute solutions
A single chain of pentablock and sulfonated PS with the same molecular weight
as that of the center block has been explored for one sulfonation fraction in the 1:1
mixture of cyclohexane/heptane and in water. In mixture of cyclohexane/heptane, both
the flexible and end blocks are swollen where center block is collapsed. However, all
blocks of pentablock are collapsed to nearly spherical shape in water. Structure in water
is very similar to that in the implicit poor solvent for ε =77.73. In both water and ε
=77.73, center block of pentablock and sulfonated PS chains are a collapsed globule-like
morphology where the most of the S atoms are on the surface. The sodium counterions
are largely condensed in the mixture of cyclohexane/heptane whereas they are more
widely dispersed in water. This study revealed that the blocks of a single pentablock
chain locally phase separate into ionic and non-ionic regions depending on the solvent.
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2. Impact of ionizable blocks on conformation of single chain in dilute solutions
This study focused on the conformation of single chain of pentablock in dilute
regime as function of sulfonation fractions f (0 ≤ f ≤ 0.55), and concentrations in a 1:1
mixture of cyclohexane/heptane, and in water. We find that the degree of ionizable
groups is one critical parameter that together with interaction with the solvents control
the shape and size, and ionic distribution of the polymer. Single molecule even undergoes
internal segregation between ionic and non-ionic independent of solvent quality. The
degree of segregation is enhanced with increasing concentration of ionizable groups.
3. Assembly of structured ionic co-polymers in solutions
New types of well-defined nanometer scale soft, long lived nanoparticles for f =
0.30 and 0.55 in selective solvents such as mixture of cyclohexane/heptane and water
were discovered. In the mixture of cyclohexane/heptane, aggregates form a core-shell
structure where hydrophobic blocks reside within and around their framework. In contrast
to van der Waals polymers, center of assemblies consists of non-homogenous collapsed
ionizable blocks which form a long lived ionic network. However, in water the assembly
interface is dominated by ionic groups while the ionic network is retained and the
hydrophobic groups are collapsed. Increasing the degree of sulfonation affects the
packing of the ionic groups. The ionic network serves as a long lived skeleton of the
assemblies where the flexible and end blocks are able to migrate in and out of this
structure depending on the nature of the solvent.
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4. Structure and dynamics of structured ionic pentablock co-polymers melts
The addition of charge groups into polymers incorporates long range interaction that
alter the properties. This study has explored the impact of ionizable blocks on the
structure and dynamics in melts of structured ionic co-polymers. We find that the melts
exhibit local phase segregation of individual blocks with no long range order. Intertwined
networks of the PS and t-b-PS blocks which are segregated from the PErP domains are
observed. Ionic groups form ionic clusters and their size grow as increasing sulfonation
fractions. Similar to PSS, addition of small fraction of sulfonated groups significantly
reduce the both segmental and macroscopic motion of the polymer molecules.
Surprisingly, sulfonated groups slow down for not only the entire pentablock and the PSS
block but also the PErP and t-b-PS blocks. Further, we find that reducing the strength of
the electrostatic interactions, by increasing the dielectric constant, breaks up the ionic
clusters, thereby increasing the mobility of the entire pentablock as well as all three
blocks. Overall, the degree of sulfonation fraction is one key parameter that controls the
structure and dynamics of polymers.
5. Water penetration into thin films
Molecular level understanding of interfacial response of pentablock thin films in
water is explored as a function of sulfonation fractions and temperature. We find the
hydrophilic blocks migrate towards the water interface whereas hydrophobic blocks
retain away from surface. We also obtained multi steps water uptake process. Onset of
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slow penetration is observed once water molecules reach ionic regime then they diffuse
along the percolating pathway formed by ionic center block. Penetration occurs due to
change in bulk morphology where water breaks physical crosslinks of ionic groups.
Water form a new set of ionic network with ionic groups which in turn provides the path
for the transport for the other water molecules. Overall water uptake and rate of diffusion
is enhanced with increasing sulfonation fraction and temperature.
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