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ABSTRACT

The unique architecture of polymer brushes (PBs), combined with their ability to respond to
external stimuli, have led to numerous applications, for example in biomechanical devices. A
thorough understanding of their responsiveness to external stimuli is required to optimise PBs
for use in these practical applications. It is well-known that the hydration levels and structural
properties of PBs can be modulated by the addition of different types of electrolyte solutions,

depending on the categorisation of electrolyte ions within the Hofmeister series.

Atomistic molecular dynamics (MD) simulations have been used to characterise the levels of
hydration and conformational behaviour of two different types of PB: (i) strong polyelectrolyte
brushes consisting of poly (2-(methacryloyloxy) ethyl trimethylammonium chloride) (PMETAC)
and (ii) polyzwitterionic brushes consisting of poly (sulfobetaine methacrylate) (PSBMA) in a
range of electrolyte solutions. The chosen atomic parameters successfully reproduced subtle
differences in the conformational responses of both types of studied PBs in the presence of
highly concentrated chaotropic anions, CIO,”and SCN™. The responsiveness of the studied PBs
has been linked to the formation of ion pairs. The frequency and size of ion pairing and clustering
species have been proposed to influence the hydration and structure of PMETAC and PSBMA

brushes.

The presence of strongly kosmotropic anions, SO4%~ anions, caused no discernible change in the
properties of the simulated PMETAC and PSBMA brushes. The chosen atomistic parameters,
while accurate for the studied PBs with the chaotropic anions, do not seem to appropriately

describe specific-ion interactions involving SO42~ anions.



Chapter 7 is a stand-alone study using basin-hopping global optimisation techniques. Alkyl-
dicarboxylate di-anions and alkyl-diammonium di-cations, in which the two distinct charge
centres are separated by a flexible alkyl (CH;)m chain were investigated in differently solvated
conditions. For each di-ion investigated, a conformational transition from linear to folded is

observed at a critical hydration number.
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CHAPTER 1: INTRODUCTION

Polymer chains can be chemically grafted to an interface or surface. When tethered with an
appropriately high grafting density, polymer brushes (PBs) are formed.%? The characteristics and
behaviour of PBs depend on numerous factors, including the type of polymer within the PB,3*

the surrounding solvent,*> and the presence of ions.>®’

The properties of PBs can, therefore, be altered by adding an electrolyte solution to the PB.>¢710
It is well-known that the hydration and structural behaviour of PBs is affected by different types
of electrolyte ions, regarding their categorisation within the Hofmeister series.!? This is an
example of the Hofmeister effect, otherwise known as the specific-ion effect. Consequently,
macroscopic properties of PBs can be controlled by specific-ion effects, thus impacting many
valuable applications such as colloidal stabilisation,** ice nucleation,’* bio-lubricants on
artificial joints,*> wettability,'* and lubrication.’**8 An understanding of specific-ion interactions
with PBs, and how to control them, can be achieved by clarifying how ions interact with PBs and
their influence on the behaviour of PBs.!® The aim of this research is to explore specific-ion

interactions within PBs using atomistic molecular dynamics (MD) simulations.

1.1 Polymer Brushes
PBs contain groups of polymer chains that have been tethered to a surface.??° The preferred

method of synthesis is the “grafting-from” technique, wherein the PB surface contains an
initiator from which direct polymerisation occurs.>?¥2® The grafting density of the PB, namely

the density of polymer chains per surface area, can be controlled during the synthesis step. This



is an important property to regulate, as a brush configuration can only be achieved if the grafting

density of the chains is above a critical value.?

In solution, a free polymer chain will adopt a coiled arrangement (Figure 1.1a).3 The effect of
tethering polymer chains so closely within a brush, however, prevents this configuration.
Instead, chains stretch orthogonally away from the surface to prevent overlapping with one
another (Figure 1.1b).2 The length of a polymer chain within a PB is, therefore, much greater
than that of an untethered chain, due to the high grafting density which induces the unique
conformation observed for PBs. This results in the ability for PBs to react to external stimuli by
altering their conformations.?#2* Stimuli within the surroundings of a PB such as, the type of
solvent,*> pH* and the temperature,® can alter interactions between PBs and their
environment. PBs have been shown to respond in either an attractive or repulsive way, inducing
a swollen (Figure 1.1c) or collapsed (Figure 1.1d) conformation.>*?*2*> The responsiveness of PB
systems can be exploited by industries responsible for creating devices which require switching

materials properties upon external signals.>*>%’



c) d)

Figure 1.1 Schematic representations of polymer chains in a) a coiled configuration b) grafted in a

brush configuration, c) grafted in a swollen configuration and d) grafted in collapsed configuration.

The presence of charges significantly increases the responsive properties of PBs compared to
those of uncharged PBs. For example, polyelectrolyte (PE) brushes and polyzwitterionic (PZ)
brushes both display highly responsive behaviour in the presence of salt solutions.>* PE brushes
contain PE chains (charged chains) and PZ brushes consist of zwitterionic polymer chains. For
both PE and PZ brushes, a change in ionic strength of the surrounding electrolyte solutions, for

example, can induce a conformational collapse/swelling transition (Figure 1.1).347:27-29



In water, a PE brush will adopt a stretched configuration. Both electrostatic repulsion between
the PE chains, along with the fully hydrated nature of the chains contribute to this swollen
configuration.? In electrolyte solutions, particularly as the ionic strength of the electrolyte
increases, a collapsed conformation is adopted. A decrease in the Debye screening lengths
occurs which strengthens electrostatic screening, thus minimising electrostatic repulsions

between PE chains.>®

In contrast, PZ brushes typically demonstrate an “anti-polyelectrolyte effect” as the
conformational behaviour observed is typically the opposite to that seen in PE brushes.”* PZ
brushes adopt a collapsed conformation in water. Low levels of hydration?® have been observed
within the brush due to electrostatic association between the PZ chains and within the PZ chains
themselves.?”?° In the high ionic strength regime, PZ brushes are swollen and the extent of
hydration is increased as a rise in ionic strength weakens interchain/intrachain dipole-dipole

interactions.*%’

lonic effects beyond ionic strength of the surrounding electrolyte solution must also be
considered to fully comprehend the properties of PE and PZ brushes. Hydration and
conformation properties of both types of brushes are sensitive to, and can be adjusted by, the

10

exact type of salt ions present,®° specifically regarding their categorisation within the

Hofmeister series.!>* This is known as the specific-ion effect (or the Hofmeister effect).3°



1.2 The Specific-lon Effect
Over 130 years ago, the specific-ion effect was reported by Franz Hofmeister and co-workers

30,31
who noted that certain salts were effective at precipitating egg-white protein from aqueous
solutions, while others were less so. lons in aqueous solution were consequently ranked based
on their ability to precipitate the protein3' and by investigating multiple different salts, two

separate “Hofmeister series” for cations and for anions were constructed. Figure 1.2 shows the

series for selected anions.

SO,2~ CH;COO~ CI™ I~  SCN™ ClO,~

KOSMOTROPES CHAOTROPES

Figure 1.2 Hofmeister series for selected anions. Kosmotropic anions are situated to the left of
the Hofmeister series, with chaotropic ions positioned on the right. CI” anions are known to be

borderline kosmotropic.

These original studies®®3! led to ions being classified as kosmotropes or chaotropes depending
on the influence they exert on water networks (Figure 1.3a). Kosmotropic ions were said to have
“structure making” properties and possess the ability to organise water molecules, even beyond
their own hydration shells.3? At the opposite end of the Hofmeister series are chaotropic ions,

which can disrupt water networks and are described as “structure breaking”.*

Since the concept of the specific-ion effect was proposed, there has been considerable

disagreement in the literature®*=8 over the classifications and conclusions drawn by the original



study.3%3! Firstly, an increasing number of investigations, both experimental®*?’ and
theoretical,®® suggest there is no significant long-range influence exerted by ions: only the
immediate hydration layers are affected.3*38 This challenges the structure making/breaking
definition of kosmotropic and chaotropic ions; the structural effects of the ions in relation to
water are generally proposed to affect bulk water (water molecules situated beyond the
immediate hydration shells of ions). Moreover, the properties and behaviour of the hydrated
solute are excluded from the original explanation, as only the properties of the ions themselves
are considered.3>®! |t is now believed that it is not possible to explain specific-ion effects without
fully considering the properties of all components within a studied system, and interactions

between them.*®

Currently, it is generally accepted that the two different types of ions, kosmotropes and
chaotropes, exhibit distinct effects on the stability, solvation and conformation of proteins.*®
Specific-ion effects are also observed for many different species including synthetic PEs and PBs,
particularly PE brushes and PZ brushes.*>”3° The Hofmeister series is also now more commonly
seen as a ranking of the relative effects of ions on the physical behaviour of many aqueous
processes. However, there are still no definitive explanations surrounding the molecular
mechanism of specific-ion effects and those interactions between ions, water, and the solute
within the system of interest. The mechanism of the specific-ion effect is now often proposed
to centre around interactions between ions and the solute (Figure 1.3) and has been interpreted

by several models.*44



Figure 1.3 Schematic representations of the main difference between the focus of the original
theory and latest theories explaining the mechanism of the Hofmeister effect. a) Mechanism
involved in the original theory, b) Mechanism involved in the latest explanations. The direct
interactions are represented black zig zag lines, the ions are grey, the proteins are green, and the

water molecules are red and white.

Specific-ion effects are believed to be linked to interactions (or lack of interactions) between
ions and particular binding sites on the surface of the solute. It has been proposed that specific-
ion interactions are dominated by the formation of ion pairs.*>*! Collins’ Law of Matching Water
Affinities (LMWA)*% proposes that an ion pair can only form between oppositely charged ions
with similar hydration strengths (Figure 1.4).lons with mismatched water affinities cannot form
ion pairs as interactions between them are too weak. The ion dispersion theory*? suggests that
ion dispersion forces are an ever-present source of specific-ion effects. The polarisability of ions

is considered to be the key factor involved, and determines if an ion pair can be formed or not.*?



) ® + © — O

strongly hydrated strongly hydrated strongly hydrated—strongly hydrated

. + . — | K

weakly hydrated weakly hydrated weakly hydrated — weakly hydrated

strongly hydrated
weakly hydrated

d)
+. —

strongly hydrated

weakly hydrated

Figure 1.4 Schematic representation of Collins’ Law of Matching Water Affinity (LMWA): “>% a) an
ion pair would form between a kosmotropic cation and a kosmotropic anion, b) an ion pair would
form between a chaotropic cation and a chaotropic anion, c) an ion pair would not form between a
kosmotropic cation and a chaotropic anion, d) an ion pair would not form between a chaotropic

cation and a kosmotropic anion.



1.2.1 lon pairs
An ion pair is a distinct chemical species*® and is formed if two oppositely charged ions associate

with each other together at a distance, R, for a time longer than that needed to diffuse over R.*
An ion pair can be categorised in three different ways (Figure 1.5).#¢4” A contact ion pair (CIP)
occurs when two ions are in direct contact, no solvent molecules are situated between the ions.
When a single solvent layer is present between the two ions, a solvent-shared ion pair (SIP)
occurs and when the first solvation shells of the two ions remain, a (double) solvent-separated

ion pair (2SIP) is formed.

o0 b) O
‘o i
® =3

c) .
o0

+..

a)

Figure 1.5 Schematic representations of the three types of ion pairing interactions: a) contact ion
pair (CIP), b) solvent-shared ion pair (SIP), and c) solvent-separated ion pair (2SIP), formed
between an anion (purple), cation (yellow), and solvent molecules (red). The complete solvation

shell is not illustrated.

Numerous experimental techniques have been employed to examine ion pair formation in low

ionic strength electrolyte solutions.*®>2 Spectroscopic methods such as dielectric spectra



techniques®®®? and ultrasonic relaxation®® methods have studied dynamic properties of
electrolyte solutions. These methods can provide information on the rotational timescales of
dipolar species including CIP, SIP and 2SIP.>*>2 One of the limitations of these methods,
however, is resolving ion pairing dynamics that occur on picosecond timescales.*” This is
important as many ion pairs have lifetimes on this timescale.*® Furthermore, only a few studies
have examined highly concentrated electrolyte solutions.*® It is believed that further association
may occur and the formation of ion triplets, ion quadruplets and even higher-order ion clusters
can be observed as the ionic strength of an electrolyte solution is increased.>*** No studies,
either experimental or computational, have been undertaken to examine dynamics, or
conformations, of ion pairs or higher-order ion clusters within PBs. This is despite the widely
believed significance of ion pairs on changes observed in the hydration and conformational

behaviour of PBs.*&3%55-57

1.3 Specific-lon Effects on Polymer Brushes
The formation of ion pairs has previously been hypothesised to underly the highly complex

hydration and conformational behaviour displayed by PE and PZ brushes upon changes in salt
type.#&3955°57 Experimental*®3%°557 and theoretical®®® research has been undertaken in recent

years to explore the effects of ion pairs on PBs.

1.3.1 Polyelectrolyte Brushes
There are two classifications of PE brushes, strong and weak PE brushes. Strong PE brushes

contain PE chains with permanent charges, such as poly (2-methacryloyloxy)-ethyl-
trimethylammonium chloride (PMETAC) and poly (vinylbenzyl trimethylammonium chloride)
brushes (chemical structures of monomers are shown in Figure 1.6). Whereas the charge density

of weak PE brushes, like poly (dimethyl aminoethyl methacrylate), is regulated by the pH of the
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surrounding solution. In this thesis, strong PE brushes have been studied due to their recorded

responsiveness regarding specific-ion interactions.®®11:58

Figure 1.6 Chemical structures of common strong basic monomers: a) (2-methacryloyloxy)-ethyl-

trimethylammonium chloride, b) vinyl benzyl trimethylammonium chloride.

Specific-ion interactions with strong PE brushes have been widely examined*®891139 and the
strong cationic PMETAC brush (Figure 1.6a), in particular, has been commonly studied.* 5891139
This brush contains a permanent positive charge, a quaternary ammonium (QA) group within its
monomeric unit.*® Many other strong cationic PEs, such as poly (propyl trimethylammonium
chloride), poly (vinylbenzyl trimethylammonium chloride) (Figure 1.6b) and poly [3-
(methacryloylamino) propyl trimethylammonium chloride], contain the positively charged
trimethylammonium chloride group present in PMETAC. Hence, results obtained while studying

PMETAC brushes are potentially applicable to other cationic PE brush systems.
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Kou et al.® examined PMETAC brushes in a range of sodium salt solutions (1 and 500 mM), some
of which contained kosmotropic anions and others, chaotropic anions. As the concentration of
each solution increased, the extent of brush collapse increased. Chaotropic anions induced a
more pronounced collapse than kosmotropic anions, supporting previous research from

1.1* and Wei et al.>® This observation is believed to be due to the formation of ion

Azzaroni et a
pairs between the highly polarisable, but weakly hydrated chaotropic anions and the weakly
hydrated chaotropic QA group of the PMETAC chains (illustrated in Figure 1.7).52 It has been

proposed that the presence of ion pairs leads to a decrease in the hydration of the anions which

in turn, results in the reduced levels of solvation within the PMETAC chains.?

The behaviour of the PMETAC brush was considerably distinct in the presence of kosmotropic
anions. The hydration levels within the PMETAC brush, together with the thickness of the brush,
were only minimally affected by an increase in ionic strength of the sodium-kosmotropic anion
solutions. Kou et al.® suggested that the mechanism involved in specific-ion interactions altered.?
It was hypothesised that ion pairs did not form. Instead, the highly solvated nature of
kosmotropic anions was suggested to introduce competition between the kosmotropic anions
and QA groups for water molecules that are situated within the PMETAC chains (shown in Figure
1.7).% The extent of brush collapse across the studied salt solutions followed predictions made

using both the LMWA theory*®*> and the theory of ion dispersion.*
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Figure 1.7 Schematic representation of the conformational transition occurring upon the addition
of chaotropic and kosmotropic ions in the high ionic regime. The suggested molecular mechanism

involved in the specific-ion effects of PMETAC brushes is highlighted by orange dotted-line boxes.

Changes in hydration and conformational behaviour of PMETAC brushes, induced by different
types of ions, have also been successfully reproduced using computational methods.> Atomistic
MD simulations have been performed on a PMETAC brush in the presence of both chaotropic
and kosmotropic anions and radial distribution functions (RDFs) were plotted for QA groups in
the PMETAC brush with added ions.® It was reported that chaotropic CIO4™ anions are more likely

to be found in close proximity to QA groups, rather than the kosmotropic CI~ or SO4* anions.®
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This has been presented as evidence that chaotropic anions form strong ion pairs with QA groups

in the PMETAC brush.

It is vitally important to understand the nature of ion pairs, as they have been found to
significantly affect the macroscopic properties of PMETAC brushes.>®!%® Azzaroni et al.l!
explored how different electrolyte solutions influenced the hydrophobicity/hydrophilicity of a

3~ anion to the

PMETAC brush. As the electrolyte anion was changed from a kosmotropic PO,
chaotropic ClO4™ anion, a considerable change in wetting properties of the surface of the brush
occurred.>!! By measuring the contact angle of water on the PMETAC brush surface, it was
reported that the hydrophobicity of PMETAC brushes increased in the presence of chaotropic
anions.' The hydrophobicity of PMETAC brushes is therefore controlled by the
hydrophobicity/hydrophilicity of the newly formed ion pair between QA groups and
counterions.>!! The ability to control the hydrophobicity of a PE brush has major implications
for current and potential applications. For PE brushes in their application as bio-lubricants on
artificial joints, the hydrophilicity of the brush plays a valuable role in the reduction of

Wear.11’15’59

1.3.2 Polyzwitterionic Brushes
Unlike PE brushes, only a few investigations have been undertaken to study how chaotropic and

kosmotropic ions affect the hydration and conformational behaviour of PZ brushes.”?”60
Moreover, the mechanism responsible for specific-ion interactions, and how they influence the

properties of PZ brushes, still requires further research.
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Poly (sulfobetaine methacrylate ammonium) (PSBMA) brush (chemical structure of monomer is
shown in Figure 1.8) is an example of a typical PZ brush and has been found to display specific-
ion effects.”?” In low ionic strength regimes (< ~ 0.1 M), anions were found to enhance the
hydration of the PSBMA brushes following the trend: ClI~ < Br- < ClO3 ~ < SCN™ < ClO4 in
accordance with the Hofmeister series (Figure 1.2). It was suggested that anions which are more
effective at weakening interchain/intrachain interactions within the PSBMA brush, result in
stronger hydration.” It is believed that chaotropic anions form the strongest ion pairs with QA
groups along the PSBMA chains. Interchain/intrachain interactions are, consequently, disrupted

and the PSBMA brush swells.

For PSBMA brushes in highly concentrated electrolyte solutions (> ~ 0.1 M), however, it was
observed that the anion trend almost completely reversed, SCN™ < ClOs~ < ClO3 ~ < Br".” Wang et
al.” proposed that in the high ionic regime, there may be dissociation of ion pairs between the
QA groups and anions, subsequently, the newly free dipoles on the PSBMA grafted chains may
not reform interchain/intrachain associates. lon pair dissociation leaves QA groups free to bind
with water molecules and the hydration levels within the brush increase. A stronger ion pair
(i.e., a more chaotropic anion in contact with a QA group) finds it more difficult to disassociate,

therefore resulting in lower brush hydration.
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Figure 1.8 Chemical structure of the sulfobetaine methacrylate monomer.

PZ brushes are important to study as their applications in protein resistant surfaces are a critical
field. It is widely known PZ brushes have strong protein resistance properties due to strong
electrostatically induced hydration.*8%° Chaotropic anions have been observed to enhance the
protein resistance of PZs.”?” The level of hydration is dependent on what type of anion is added,

therefore protein desorption and adsorption is also dependent on specific-ion effects.*’

1.4 Scope of Thesis

Our understanding of PBs and their specific-ion interactions has evolved via both experimental
and computational methods. Experimentally, the hydration and conformational behaviour of PE
and PZ brushes in different types of electrolyte solutions, have been investigated.”®5-%8 A variety
of techniques, such as spectroscopic ellipsometry (SE),242567.69 surface plasmon resonance

(SPR)”%7, neutron reflectivity (NR)® and atomic force microscopy (AFM)® have been employed.

Quartz-crystal microbalance with dissipation (QCM-D) is a commonly used experimental
method.*267.5% Resonance frequency, f, can be monitored as a function of time and is known

to be dependent on the mass of PBs. QCM-D can be used, therefore, to analyse hydration levels
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within PBs by reporting variations in f relating to changes in the quantity of water molecules
coupled to the PB.”® Moreover, changes in dissipation can be measured reflecting differences in
the mechanical properties of PBs.1#2667.6% The use of QCM-D as an experimental technique
successfully captures the loss or gain of water within PBs as well as changes in

conformation.1*26:67,69

Many of the macroscopic properties measured by the techniques mentioned above can be
linked to the effects of forming ion pairs. 426676970 The conformation and dynamics of ion pairs
forming within PB systems is, however, somewhat challenging to investigate fully via

experimental means. As mentioned previously, spectroscopic methods®*>2

can only resolve ion
pairing dynamics that occur on nanosecond (or larger) timescales.*” It would be valuable to
enhance our understanding of ion pairs hypothesised to form in PBs as they are generally cited

as the principle reason for specific-ion effects observed in PB systems.1426:67.69.70

Computational techniques are ideally suitable for the study of PBs; not only shedding light on
the hydration and conformational behaviour of the PBs, but also allowing for the exploration of
the microscopic dynamics of ion pairs. Computational techniques enable analysis even at
femtosecond timescales. Thus, it is possible to assess the validity of the hypothesis offered by
experimentalists to explain the driving force involved in changes of conformation and hydration
levels within PBs. Furthermore, the use of computational techniques affords the opportunity to
test a great variety of systems and observe new interactions, properties, and behaviours. Future
experimental chemists can utilise this new information to select the right technique to better

observe PBs and their specific-ion interactions.
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Thus far, extensive computational studies have been carried out on the properties of PBs using
continuum models based on scaling’’? and self-consistent field theories.”>”> These methods,
although able to provide fundamental insights, only offer a limited account of responsive
behaviours due to the non-atomic description of the chemical structure of PBs. Alternatively,
MD simulation is an attractive computational method which can be used to analyse PBs. The
thermodynamic and structural properties of PBs have been examined by combining MD
simulations with different levels of coarse-grained models.”®®> Bead-spring type models are
commonly used to study PB systems’®® due to their ability to provide an understanding of
general dependencies, for example, on grafting density or on the length of polymer chains.”’
However, these types of coarse-gained models do not contain chemical specificity and it is,

therefore, difficult to compare directly with experimental results.

Atomistic MD simulations are a promising alternative. Via such methods, it is possible to extract
information on the conformation and hydration levels within PBs as well as associated specific-
ion interactions from one simulated trajectory. Until recently, atomistic MD studies only tended
to focus on PB systems with a few very short (6-30 monomers long) oligomer-like chains.>”2® It
was too computationally expensive to simulate a “realistic” PB owing to the complexity of the
system and its size. In recent years,® the highly parallelised nature of MD simulations
programmes means it is increasingly possible to simulate a PB system more representative of

experimental size.”

In this thesis, the large-scale atomic/molecular massively parallel simulator (LAMMPS)2% has
been employed to perform atomistic MD simulations. A brush thickness comparable to

synthesised PBs was simulated in the atomistic models of PMETAC and PSBMA brushes using
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AMBER force fields.®® The aim of the research in this thesis, is to use atomistic MD simulations
to further understand molecular mechanisms involved in specific-ion effects, specifically how
the formation of ion pairs influences hydration levels and conformational properties of PE and

PZ brushes.

Firstly, ion pairs and clusters within PMETAC brushes consisting of two modelled polymer chains,
in the presence of chaotropic anions, perchlorate (ClO47), and thiocyanate (SCN-), are studied
extensively. These results are further supported by performing simulations on larger models of
PMETAC brushes containing eight polymer chains within the finite simulation cell. Next, a
PSBMA model containing two polymer chains is simulated in the presence of ClOs”and SCN™and
the findings are compared with results from the PMETAC brush. The results from simulations of

a strongly kosmotropic anion, sulphate (S04%7), on the PB models are then discussed.

The final chapter investigates the hydration and conformational behaviour of two different
types of di-ions, in which the two distinct charge centres are separated by a flexible, hydrophobic
alkyl (CHz2)m chain. Global optimisation techniques are utilised to examine di-ions in unhydrated,
implicitly, and explicitly solvated conditions. This chapter is based on the paper, “Effects of
Hydration on the Conformational Behaviour of Flexible Molecules with Two Charge Centres”

published in the Journal of Physical Chemistry A in 2020.%!
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CHAPTER 2: METHODOLOGY

The characteristics and behaviours of polymer brushes (PBs) can be altered upon the addition

36710 Interactions between salt ions and grafted polymer chains of a PB

of electrolyte solutions.
are said to induce changes within the structure of PBs via the formation of ion pairs.>7/811.27.58
These ion pairing interactions occur on femtosecond to nanosecond timescales*” and can be,
therefore, challenging to visualise via experimental techniques.*®** Molecular dynamics (MD)
can shed light on the microscopic dynamical behaviour of ion pairing interactions,®” enabling
analysis at appropriate timescales, and allowing for the potential elucidation of mechanisms
underlying specific-ion interactions.>*® As such, the validity of hypotheses suggested by
experimentalists explaining driving forces accountable for the responses of PBs to external
stimuli, discussed throughout Chapter 1: Section 1.3, can be explored and validated.
Furthermore, experimental researchers can utilise results from MD simulations, not only to

better interpret experimental findings, but also to guide future studies, for example by selecting

appropriate techniques to observe ion pairing interactions within PBs.

2.1 Molecular Dynamics Simulations
MD can be used to produce a dynamical trajectory showing how particles within a particular

system evolve in time. This is achieved by the integration of Newton’s equations of motion.
Initial positions and velocities of each particle within the system of interest are required. The

classical equation of motion (equation 2.1) can then be solved:%%

dzr,-
m,' m = F,' (21)
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Where t is time, the position and mass of the i-th particle is represented by r;and m;, respectively
and the force acting upon the particle is F.. F; can also be represented by the negative gradient

of the potential:*%3

0
F,'= - G_r,U (rl, r2, wosy rN) (22)

Where the potential energy, U (r3, 12, ..., rn), is dependent on the coordinates of N particles. Force

fields can be used to estimate this in MD simulations.

2.1.1 Force Fields
To effectively and accurately simulate PBs and their specific-ion interactions, an appropriate

model representing the interatomic forces and interactions within PB systems is required.%%3
Ideally, the forces on each and every atom within the system of interest would be calculated by
solving the electronic structure for a particular configuration of each nuclei.®* Although there
has been significant progress in techniques using these first principles, such as ab initio MD
simulations and density functional theory (DFT), the size and complexity involved in PB systems,
as well as the desired timescales for simulations within this thesis, mean that such methods
would be excessively computationally expensive. As a result, to achieve the simulation of PBs
containing several hundreds of thousands of atoms on nanosecond timescales, it is necessary to

use a higher level of approximation.®*

Empirical force field-based methods were, therefore, employed throughout this work. Empirical

methods use both experimental results from related systems and quantum chemical data to

21



approximate elements of the underlying theory.®* An empirical force field is a mathematical
expression of the interatomic potential energy and a set of parameters entering this form. Many
force fields exist, each specialised to describe different kinds of system and each with varying

degrees of complexity.%>%

AMBER force fields
The Assisted Model Building with Energy Refinement (AMBER)®” package provides a set of force

fields. The functional form of the AMBER force fields comprises of the following terms:*®

Utot = Ubond + Uangle + Utorsional + Uvdw + Uelec (2-3)

The bond potential, Usond, represents the energy between all atom pairs that are covalently
bonded (indexed as i and j in equation 2.4), and the stretching movement involved in this. It is

represented with a simple harmonic function and is defined as:%

2
Ubond = 2 bonds K r (rij - ri(])' (2.4)

Where K; is the force constant of the bond between atoms j and j, the instantaneous length of

the bond is rj and r;? is the equilibrium bond length.

The harmonic angle potential describes the angle between three atoms; i, j and k:®
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2
Uangle = Zangles KS (eljk - efj)k) (2-5)

Where Kp is the force constant of the angle between atoms i, j and k, the angle between the

three atoms is 8;x and 8’ is the equilibrium angle.

The torsional potential represents the energy for twisting a bond due to bond order and

neighbouring bonds or lone pairs of electrons. It is defined by:%

Vn
Utorsional = Ztorsions ? [1 + COS(H@,-jkI - V)] (2-6)

Where V, is the energy barrier involved, (D,-jk, and y are the torsion angles for the atoms i, j, k

and / and n accounts for the preferred symmetry of the molecule.

The next term within the AMBER potential,®® Uy, is representative of the balance between
repulsive and attractive forces between atoms, i and j, which give rise to van der Waals forces.
The Lennard-Jones potential represents the van der Waals interactions between atoms and is

defined by equation 2.7:%8

Ajj B

Upaw = Uy = Xj>i (@ - R_lsj) (2.7)
ij ij

Where the separation distance of the two particles is defined as Rjand the coefficients, A and

B, are parameters specific to the atoms of i and j. The first part of of the Lennard-Jones potential
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(equation 2.7) defines repulsive forces where electron clouds of non-bonded particles overlap
at short distances causing a steep repulsion. The second part represents attractive forces acting

between particles.

Polyelectrolyte (PE) and polyzwitterionic (PZ) brushes contain charged molecules, therefore, it
is important to take electrostatics into account. The Coulombic component of equation 2.8

describes the electrostatic interaction energy between two particles’ charges (g; and gj).

q:9;
Uelec = UCoqumb(rij) = Zj >i_J (2.8)

Amer;;

A system specific dielectric constant is represented by € and the distance between the charged

particles i and j is rj.

Choice of Force Fields
The standard parameters found in the ff14SB atomistic force field® and the General Amber force

field (GAFF),}® within the AMBER simulation package®® were selected to model the PBs of
interest throughout this work. The ff14SB force field® is one of AMBER’s primary protein model,

whereas GAFF'% is a more complete and general force field.

Within AMBER force fields, parameters are expressed in terms of atom types. Varying values for
bond strengths and equilibrium bond lengths (required for equation 2.4) arise for atoms of the

same element upon forming bonds in different chemical environments. For example, the
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carbon-carbon bonds present in the two molecules, ethane and benzene, will have different
lengths and strengths despite both connecting two carbon atoms. This is due to different types
of hybridisation. The carbon atoms are sp* hybridised in ethane but are sp? hybridised in the
benzene ring. Within the work presented throughout this thesis, both ff14SB and GAFF
parameter sets were required to model the PB systems. ff14SB*® was not able to represent all
atom types within the PBs of interest. These force fields are compatible and are often used in

1

combination. They have been previously used in the simulation of polymer®! and protein

systems, 102103

2.1.2 Numerical Integration Methods
The main step of MD is the integration Newton’s equations of motion (Equation 2.1). An

integration algorithm is used to numerically solve the equations over small time steps. There are
many different integrators including Verlet!®* and velocity Verlet,'% each algorithm having

advantages and disadvantages to consider.

Verlet Algorithm

In order to find the position of a particle at the next timestep, r(t + 6t), the Verlet algorithm%

utilises the positions of the particles from the preceding step, r(t — 6t). An expression is

approximated for both r(t — &t) and r(t + &t) using a Taylor expansion about r(t):

r(t + 5t) = r(t) + 5t v(D)+ (g) st2a(t)+ ... (2.9)

r(t—8t) = r(t) — 8t v(t)+ (%) 5t a(t)— .. (2.10)

25



The new positions at time (t + 6t) can be calculated by the addition of the Equations 9 and 10 to

generate the Verlet algorithm (ignoring the local error, O(5t%)):

r (t +6t) = 2r(t) — r(t— 6t) + 6ta(t) (2.11)

During the addition of Equations 2.9 and 2.10, however, the velocities are cancelled out. This is
an inconvenience because, in order to calculate the kinetic energies and, therefore, the total
energy of the system is to be computed, velocities of each particle are required. An extra step

must be carried out to calculate the velocity of each particle:

V(t) =r(t+6t)2;tr(t-6t) (2.12)

One of the advantages of the Verlet method its simplicity. The algorithm’s handling of velocities,
however, is somewhat awkward as velocities can only be calculated if the updated positions
have already been collected. Furthermore, values calculated for velocities are subject to errors

of the order 6t2.

Velocity Verlet Algorithm

The Velocity Verlet algorithm®

improves upon the Verlet algorithm. The velocities, positions,
and accelerations of the particles at time, t, are all stored simultaneously, and the round-off

error is minimised. The first step involves the calculation of the new positions followed by the

26



computation of velocities at the mid-step and finally the evaluation of the new accelerations

and forces. The algorithm can be represented by:

r(t+6t) = r(t) + 5t v(t) + 56t a(t) (2.13)

v(t+6t) =v(t) + %St[a(t) +a(t+ 61)] (2.14)

The minimisation of errors, the convenience and the simplicity of this method means that the
Velocity Verlet method is one of the most attractive integration methods to use. Although

106 have been

variations of the velocity Verlet algorithm, such as the Beeman’s algorithm,
developed they are usually more computationally expensive. Consequently, these newer

algorithms are inappropriate to use on the large and complex PB systems studied in this work.

2.1.3 Ensembles
An ensemble is defined as a collection of particles which have different microstates (for example,

atomic positions) but the same thermodynamic state. A Canonical (NVT) Ensemble is used
throughout this work and is more indicative of experimental conditions than other commonly
ensembles in statistical mechanics (like the microcanonical ensemble, NVE). The number of
particles in a system (N), volume (V) and temperature of the system (T) remains unchanged
throughout the simulations. The canonical ensemble, therefore, requires the temperature to be
controlled. Temperature is defined as the average kinetic energy (K) of all the particles in a

system:
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_2(K)

= I, (2.15)

ko is the Boltzmann constant, and the angular brackets represent the average value taken over
the ensemble. During the simulations, velocities of the particles fluctuate therefore it is
impossible to keep the kinetic energy and hence the temperature of the system constant. Energy
is added or removed from the system using a thermostat to maintain a constant temperature.
The Nosé-Hoover thermostat'?’ was used in this thesis. In this thermostat, fictitious variables for
the heat bath are included in the equations of motion, thus considering the heat bath as an
integral part of the system. A value of mass is associated with the additional variable and its

magnitude controls the strength of the coupling.

2.1.4 Periodic Boundary Conditions
The use of periodic boundary conditions in MD simulations provides a computationally efficient

means for calculating the bulk properties of a system.®?%® An infinite lattice is formed by
replicating the original simulation box through all directions in space. These conditions eliminate
surface and edge effects; when a particle leaves the original box, an identical one will enter
through the opposite face of the box. This is due to the position of the particle being updated in
all the boxes. Each individual particle interacts with their nearest image of all the remaining

particles within the system because of the minimum image convention.%%%3

28



Figure 2.1 Schematic representation of periodic boundary conditions in a two-dimensional (2D)

system.

2.1.5 Long-range Interactions
The computation of forces that result from electrostatic interactions use up most of the central

processing unit (CPU) time during MD simulations. To reduce computational time, methods that
use approximations are employed, such as the Ewald method® or, in this work, the particle-

particle particle mesh (pppm) method.®®
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Ewald Summation
Ewald Summation is a commonly used method in MD simulations to compute long-range

interactions in periodic systems. In a periodic system, the total electrostatic energy with N point

charges is defined as:

1 N q;9;
Uglec = EZ|n|=O Z —

ij=1 | rij+nL|

(2.16)

Where L is length of simulation box and n is the cell image vector.

Particle-Particle Particle-Mesh Method

The pppm algorithm® is an alternative method used for modelling long-range electrostatic

interactions in MD simulations. This technique can be described in three steps:

1. Charges are assigned to a finely spaced mesh within the simulation box to approximate
the charge density of the fluid.

2. Poisson’s equation for the electrostatic potential is solved using the fast Fourier
transform technique.

3. The potential at each mesh point is numerically differentiated to calculate the field, from

which, the force on the particle can be calculated by interpolation.

The pppm method was chosen over the Ewald Method (and other methods) due to its more
efficient handling of long-range interactions commonly present in large molecular systems, such
as the PB systems in this project. The time taken to complete the pppm method is proportional
to the number of particles within the system as opposed to the square of number of particles as

in the Ewald Method.*®
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2.1.6 Solvent Models
Water plays a crucial role in the structural changes observed in PBs upon the addition of

electrolyte solution. As discussed in Chapter 1, different salt solutions can trigger dehydration
or hydration processes within PBs leading to a conformational transition. Therefore, the effect
of water must be properly considered to accurately simulate the behaviour of PBs in aqueous

salt solutions.

Explicit solvent models treat water as individual molecules thus accounting for interactions
between each water molecule and the solute within the system of interest, along with other
simulated water molecules. While increasing the accuracy of the simulation, there is a high
computational cost accompanying the implementation of this model. Furthermore, the model

of water can further affect the computational expense.

TIP,P water models
Three versions of TIP (transferrable intermolecular potential) models are regularly used to

explicitly represent water. TIP3P!is a three-site model in which the oxygen and two hydrogens
of water are modelled. Due to the simplified (or perhaps oversimplified) nature of this model,
simulated properties, such as temperature of maximum density (TMD),!'! have been reported
to be far from known experimental values.'!! The TIP4P° water model is more accurate. This
model contains a pseudoatom which represents the lone pair on the oxygen atom, fixed at 0.15
A from the O atom, along the H-O-H bond angle bisector, and is the site of the oxygen’s

charge 110,112
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Finally, the TIP5P!* model positions the negative charge on two virtual, massless atoms (L) thus
resulting in a more tetrahedral water structure. Compared to TIP3P%° and TIP4P!%, the TIP5P!3
model better reproduces the TMD of water, along with other experimental properties. A
disadvantage, however, is that the use of this water model is more computationally expensive

and, consequently, slows down simulations.

Simple Point Charge Models
The simple point charge water model (SPC)'** is a rigid 3-site model. Each site has a point charge

and Lennard-Jones parameters. The H-O-H angle is 109.47° and is based on the ideal tetrahedral
shape. The rigid SPC/E*> (extended) model was used to explicitly represent water molecules
throughout the investigations of PBs using atomistic MD simulations. The SPC/E water mode|**
is the same as the SPC water model, except for the magnitude of the partial charges. An average
polarisation correction is added to the potential energy function. The values for the density and
diffusion constant of water is more accurate when calculated via the SPC/E model rather than
the SPC.1° Furthermore, upon comparison with the 3-site TIP3P model, SPC/E has been found

to more accurately reproduce bulk water dynamics and structure measurements.*®

Table 2.1 Parameters for SPC'** and SPC/E**®> water models.

Parameters and Units SPC SPC/E
q° e units -0.820 -0.8476
q" e units 0.410 0.4238
ro®" A 1.0 1.0
gHoH ° 109.47 109.47
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2.2 Methods for Data Analysis

2.2.1 Configuration of Polymer Chains
To describe the conformation of the polymer chains in a PB computationally, it is necessary to

know the location in space of each atom. MD simulations provide the opportunity to gather the
cartesian coordinates of each atom within the PB of interest. The simplest measure of the
configuration of a polymer chain is the end-to-end brush height (< z.>). This is defined in this
thesis as the distance of between the sulfur atom acting as the initiator (SI) on the PB surface

and the carbon of the methyl end group (Cwe).

(Ze) =rcpe— T (2.17)

The mean of the brush height values over the simulated polymer chains and trajectory is

reported throughout the thesis and is represented by ().

Another measurement used to characterise the configuration of the polymer chains is the radius

of gyration, Rg. This is defined for a polymer chain containing N atoms as:

1
Re=— XN m;(ri= rem)? (2.18)

The total mass of the polymer chain is defined as M, rem, is the centre of mass of the polymer,

and m; and r; are the mass and position of the i th atom, respectively.

33



Although the radius of gyration tends to be a more precise measurement as it uses more than
just the end groups of the polymer chains, the end-to-end brush height is more frequently
reported throughout the thesis. End-to-end brush height values are an effective way of
measuring conformational transitions and can be compared to experimental brush thickness

measurements.

2.2.2 Grafting Density
An important feature to consider, when modelling any PB system, is the overlap grafting density,

as the nature of PBs can be dramatically altered by changing the grafting density.? If the grafting
density is below a critical value (to be explained later), a “pancake-like” conformation is
observed if the polymer chains have an affinity to get adsorbed onto the interface and a
“mushroom-like” conformation is seen if the chains are not likely to be adsorbed (Figure 2.2).3
A brush type configuration is not achieved because the neighbouring grafted chains have very

little effect on each other.
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Figure 2.2 Schematic representation of the “pancake” conformation (top row, left), the
“mushroom” conformation (top row, right) and the brush configuration (bottom) that grafted

polymers can adopt.

If the overlap grafting density is above a critical value, a brush configuration is adopted.® This
occurs when the spacing between the anchor points of the grafted polymer chains is smaller
than the chain’s radius of gyration. Overlap grafting density, o*, is often used to prove a system

is in the brush regime and is defined as:''""*°

o'=mR;Z (2.19)
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The experimental grafting density (chains per area) is expressed as 2. Rgis the radius of gyration

calculated from MD simulations of free polymer solutions.

When o* > 1, the neighbouring chains are restricted to less area than they would occupy in
solution and are forced to interact with each other, thus proving the system is in the brush
configuration. The mushroom or pancake regime is adopted when o* < 1 as the chains do not

have significant lateral interactions.?*7-11°

The upper limit of experimental grafting density possible to attain with “grafting from” synthesis
techniques, such as Atom Transfer Radical Polymerisation (ATRP), is ~ 0.700 chains nm™,2° and
was considered during the construction of the PBs atomistic models. The separation distance

between two grafted polymer chains is defined as:3

r=37 (2.20)

Table 2.2 shows the values of the studied PB systems. The value of experimental grafting density,
0.1 chains nm™, was taken from the literature.> MD simulations on the free PMETAC and PSBMA
polymer solutions were performed to extract the Rg value. A brush configuration was, therefore,

observed due to the overlap grafting density value being greater than one.
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Table 2.2 Details of the polymer brush (PB) systems studied.

Name of Degree of | Experimental Radius of Gyration Overlap Separation
PB Polymerisation | Grafting Density, & | (free polymer | grafting Distance, r
(chains nm™) solution), R;(nm) density, o* (nm)
PMETAC @ 100 0.100 7.64 18.4 3.162
PSBMA 100 0.100 4.18 5.5 3.162

2.2.3 Radial Distribution Function
The radial distribution function (RDF) can be used to analyse the spatial arrangement of the PB

systems. The probability of finding of a particle at a particular distance away from a reference
particle is measured and averaged over all particles in the systems along the simulated

trajectory. The probability function, g(r), is represented by:

Ng
=— 2.21
g(r) == (2.21)
4 3 _4_ .3
Vs = gn(r+ dr)° — ST (2.22)

The probability function, g(r), is the probability of finding a particle in a shell with thickness, dr,
at a distance, r. The number of particles in the shell is Ns, Vs is the volume of the shell, and the

density of the system is p.

37



2.2.4 Change in Water Molecules in Polymer Brushes
The change in water molecules present in each PB was investigated. To achieve this, the space

occupied by the polymer chains at each frame of the trajectory was defined and the number of
water molecules within that space was calculated. The number of water molecules within the
brush was subsequently averaged over the trajectory. A comparison was made between the
average number of water molecules in the PB in a) a salt solution and b) water. The percentage

change was then reported.

2.3 Global Optimisation
The final chapter of this thesis investigates the hydration and conformational effects of adding

molecules of water to alkyl diammonium di-cations and alkyl dicarboxylate di-anions. Global
Optimisation is the process of finding local minima and eventually the global minimum of a

system.!?!

2.3.1 The Basin-Hopping Technique
The basin-hopping (BH) global optimisation technique is a well-known and well-established

system used to explore the potential energy and optimise the structure of finite cluster systems.
In this technique (illustrated in Figure 2.3), a random, initial configuration is generated and

minimised, giving the first entry into a Markov chain.
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Initial geometry is generated
and minimised. Minimum
has energy of Ugyg.

Minimum is discarded and Geometry is perturbed. |«
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v
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v

Figure 2.3 A flow chart representing the operations occurring during the basin-hopping Monte
Carlo technique, where the starting conformation is Uoiq and the locally minimised structure is
defined as Unew, kb is the Boltzmann constant, T is an arbitrary temperature and R is a random

number between 0 and 1.

Following minimisation, the next step involves the random displacement of the translational and
rotational coordinates of the latest entry to the Markov chain to generate a new configuration,
which is then further minimised. The BH technique relies on a transformation of the potential

energy surface (PES) to form a catchment basin, associated with each local minimum. The energy
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of each local minimum becomes the potential energy for every point in the basin (Figure 2.4).
Catchment basins divide all of configurational space, which means that the potential energy can
only vary in discrete steps as the geometry moves from one basin to another during global

optimisation.1?

A comparison of the energies between the starting conformation (U.is) and the locally minimised
structure (Unew) then takes place. This minimised conformation is then put through the

Metropolis criterion:

—(Unew — Uglg)
IfAU < 0,orR>¢e kT | the new conformation is accepted.

—(Unew — Ugid)
IfAU > 0,andR<e %" | the new conformation is rejected.

If the new conformation is accepted, based on the Metropolis criterion, then this is placed into
the Markov chain and acts as the new starting point in the next cycle of random structural
perturbations. If it is rejected, the previous starting conformation is perturbed again, and the

cycle begins again.

In a BH run, this cycle is repeated for a chosen number of steps and several low energy minima
visited during the run are saved. To escape the basin of attraction of the starting structure and

effectively explore the PES, the Monte Carlo moves need to be appropriately large.
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Energy

Figure 2.4 A schematic representation, illustrating how the basin-hopping (BH) global optimisation
(GO) technique transforms the potential energy surface (PES) to a set of basins. Basins are
represented by coloured dashed lines and are numbered 1-7. Basin 3 is representative of the global

minimum (GM) of this PES. The other basins (1, 2, 4-7) are local minima.
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CHAPTER 3: 10N PAIRING AND HIGHER-ORDER ION CLUSTERING
IN A TWO CHAIN ATOMISTIC POLYELECTROLYTE BRUSH MODEL.

3.1 Introduction
Polyelectrolyte (PE) brushes contain PE chains densely grafted to a surface.? These types of

123-126

brushes have many promising applications, for example in bio-sensing, drug
delivery,>1%51%6 and biomechanical devices.}*>>9126 To optimise PE brushes for use in these
practical applications requires a thorough understanding of their nanoscale structure and
responsiveness to external stimulii.® It is well-known, for example, that the hydration levels and
structural properties of PE brushes can be modulated by the addition of different types of
electrolyte solutions,®° depending on the categorisation of electrolyte ions within the
Hofmeister series.!* The tuneable properties of PE brushes by Hofmeister effects, otherwise

known as specific-ion effects can, therefore, influence the suitability of PE brushes in potential

industrial applications.

Specific-ion effects observed in PE brushes have been explained using Collins’ “Law of Matching
Water Affinities” (LMWA) (Figure 1.4).%%* This theory proposes that specific-ion interactions are
dominated by a distinct chemical species,* ion pairs. According to LMWA, an ion pair can only
form between oppositely charged ions with similar water affinities.*®*> The formation of ion

pairs is believed to heavily influence the hydration and conformation of PE brushes.®>°

The positively charged poly (2-(methacryloyloxy) ethyl trimethylammonium chloride) (PMETAC)
brush (monomer shown in Figure 3.1) has been widely used as a model to study the effects of
salt concentration and type of ion on the behaviour and properties of strong PE brushes.*

683955127 Experimentally>®3° and theoretically,® chaotropic anions have been found to induce a
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strong dehydration and collapse within PMETAC brushes. lon pairs are believed to form between
chaotropic salt anions and the chaotropic, positively charged, quaternary ammonium (QA)
groups situated along the grafted PMETAC chains. lon pairing is reported to alter the osmotic
pressure within the brush as well as the hydrophobicity of the chains which therefore leads to a

collapse in PMETAC chains.*839127

\+/\/O
/N\

Figure 3.1 Chemical structure of the 2-(methacryloyloxy) ethyl trimethylammonium chloride

(METAC) monomer.

There is no standard procedure for identifying ion pairs within PE brushes or examining their
conformations and lifetimes. This chapter aims to address this and further link ion pairing to the
responsiveness displayed by PE brushes in salt solutions. Interactions between salt ions and the
PMETAC brush can be defined as ion pairs if two oppositely charged ions stay together at a
distance, R, for a time longer than that needed to diffuse over such a distance.*® Any ions with a
separation larger than R are considered as free.*® There are numerous different theories

suggesting how to specify the value of R and it is dependent on the type of ion pair under
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investigation.*® R is defined, in this chapter, as the radius of the first coordination shell of QA

groups within the PMETAC brush, in order to focus on contact ion pairs (CIP) (Figure 1.5a).

Equation 3.1 is adapted from the mean squared displacement equation. This chapter’s definition

of Ris included:

t=— (3.1)

The time is dependent on the diffusion coefficient of the mobile anion, and determines the time
required for the anion to translate over distance, R. However, it is important to not only consider
the diffusion coefficient in a bulk solution, as this will not take into account effects of
confinement of ions within PE brushes. The brush-induced confinement along with the large
brush-ion electrostatic attraction/repulsion has been previously found to substantially reduce
the mobility of ions within PE brushes and hence affect the rate of diffusion, even for those ions

that are not involved in ion pairing.*?®

In this chapter, atomistic MD simulations are used to study the influence of highly concentrated
salt solutions, specifically 0.5 M NaClO, and 0.5 M NaSCN solutions, interacting with a PMETAC
brush. Sodium was used as a common counterion within the salt solutions to concentrate on the
differences between the effects of CIO,~ and SCN™ anions. According to the Hofmeister Series
(Figure 1.2) both CIOs~ and SCN™ anions are known to be chaotropic anions, with stronger
chaotropic effects observed for ClO4 anions. It is expected that ClO,~and SCN™anions will form
ion pairs with QA groups within the PMETAC brush. The variation of brush height and hydration

properties with the different salt solutions are examined. Subsequently, ion pairs within the
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PMETAC brush are studied whereby a focus is on quantifying the lifetimes and conformations of
newly formed ion pairs. Understanding the structure and arrangement of ions within PE brushes
gives valuable insights into brush properties and is important for both current and future
applications. The results in this chapter provide an atomistic-level elucidation of the PMETAC
brush properties along with previously unknown quantitative findings about interactions

between the functional groups within the PE brush and strongly chaotropic salt anions.

3.2 Methodology

3.2.1 System Description
Atomic coordinates for the initial configurations of the two modelled PMETAC chains each

consisting of 100 monomers were built using the TopoTools plugin for Visual Molecular
Dynamics programme (VMD)'? and in-house codes. Each chain was tethered with the distance
between the grafting points as 3.162 nm. PMETAC chains were initially built as fully stretched
rod-like chains perpendicular to the surface (defined using LAMMPS® intrinsic functions)
consisting of four layers of sulfur atoms that remained fixed throughout the simulation. The

initial configuration of the PMETAC brush consisted of an array of chloride counterions.

A combination of two AMBER® force fields, ff14SB®® and the General Amber force field
(GAFF),* were used to model the PE chains, thiol initiators and surface. The three-site SPC/E
model was used to explicitly represent water molecules.’®>'® The chloride counterions of
PMETAC were modelled using Joung and Cheatham’s set of parameters specific for use with the
SPC/E water model.?* The atomic charges for the polymer chains and thiol initiators were
calculated with the Hartree—Fock self-consistent field theory and the 6-31G* basis as described

in restrained electrostatic potential (RESP) methodology.3!
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The PMETAC chains were orientated in the simulation box in such a way that the PE chains were
parallel to the y-axis and normal to the xz-plane. Periodic boundary conditions (PBCs) were set
in the x, y and z directions. Interactions between the top of the PMETAC chains and the periodic
image of the surface in the y-direction were prevented because the simulation box was larger
than the fully stretched chains of the PMETAC combined with the non-bonded interaction cut-

off distance.

3.2.2 Simulation Details
Atomistic MD simulations were performed using LAMMPS.8 The Velocity Verlet algorithm?°®

was used, with a time step of 2 fs to integrate Newton’s equations of motion. Initial velocities
were taken from a Maxwell distribution at 298 K and 1 atm. Energy minimisation, using the
conjugate gradient method, was performed for all the systems until a mean force of less than
1.0 x 107° kcal mol™ A~! was achieved. Equilibrium runs were then performed on the PMETAC
brush systems in a canonical ensemble (NVT) at 500 K for 35 ns. The system was then cooled to

298 K and simulated for a further 30 ns.

Following this, production runs were executed in the same conditions as the equilibrium run for
4 ns using the last snapshot of the equilibration process as the initial configuration. In both the
equilibration and production steps the Noose-Hoover thermostat'®” was employed. The SHAKE

algorithm?32

was used to constrain the bond lengths and bond-bending angles of water
molecules. The cut-off for the interatomic potential is set at 11.0 A with long-range electrostatic

interactions between charged species handled using the particle—particle particle-mesh (pppm)

method'% with a root-mean accuracy of 107°.
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Analysis of the trajectories were performed by a combination of LAMMPS2, MDAnalysis and in-

house codes. Analysis has been achieved considering the last 4 ns of each of the simulations.

3.3 Results

3.3.1 Conformation and Hydration of PMETAC Brush
Atomistic MD simulations were performed for PMETAC brush systems in water, 0.5 M NaClO,4

and 0.5 M NaSCN solutions. The starting configuration of the PMETAC chains were fully
stretched with anisotropic values of 1 for all chains. A rapid collapse, as can be observed in Figure
3.2, was almost instantaneous and the rate of collapse for the PMETAC chains was similar across

the simulated systems under investigation.
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Figure 3.2 Plot of the time evolution of the maximum height of brush averaged over the two

PMETAC chains in the presence of water (blue), 0.5 M NaSCN (orange) and 0.5 M NaClO, solution

(green). The cooling of the system from 500 K to 298 K occurred between 38-40 ns.
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The final configurations for the PMETAC brush systems in water, 0.5 M NaClO4 and 0.5 M NaSCN
solutions are shown Figure 3.3. It can be seen that the salt ions are distributed throughout the

simulation box.

PMETAC chains
Cl-
Na“®

clo,”

SCN-

® © 00 00

Surface

Simulation Box Dimensions
x=316A y=510A z=554A

Figure 3.3 Final configurations illustrating the modelled PMETAC chains in the presence of a) water,
b) 0.5 M NaClO4 and c) 0.5 M NaSCN. PMETAC chains are shown in blue. CI™ are green. Na* are

orange, ClO4™ are red, and SCN™ are yellow. Water molecules are not displayed for clarity.
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In the presence of the salt solutions under investigation, a visible difference in the conformation
of the PMETAC chains (Figure 3.3) was displayed. This was further illustrated by a significant
decrease in the average end-to-end brush height (< z.>) of the PMETAC chains (Figure 3.4). The
decrease in brush height was more prominently observed in the presence of ClO,” than SCN~

anions.
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Water NaSCN NaClO,
Figure 3.4 Plot of the variation in the average end-to-end brush height (< z. >) of the PMETAC chains
in the presence of water (blue), 0.5 M NaSCN (orange) and 0.5 M NaClO, solution (green). Error bars

are shown representing the standard deviation of the set of end-to-end brush height values per

PMETAC system.

The decrease in the height of the PMETAC brush upon the addition of NaSCN and NaClO,4

solutions was accompanied by a dehydration of the PMETAC chains. The loss of water situated
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within the PMETAC chains (Figure 3.5) was calculated and less water molecules were situated

within the PMETAC brush in the presence of CIO, than SCN™anions.
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Figure 3.5 Plot of the percentage loss of water molecules within the PMETAC brush in the presence

of 0.5 M NaSCN solution and 0.5 M NaClOs solution. Values are recorded in Appendix 4: Table A.4.1.

3.3.2 Specific-lon Interactions
The Naa- CAanion radial distribution functions (RDFs), where Nqa represents the nitrogen of QA

groups of the PMETAC chains and CAanion represents the central atom of ClO4~ and SCN-, are
plotted in Figure 3.6. The intensity of the first peak for the CIO,™ anions is larger compared to
that observed for the SCN™ anions, thus implying a greater proportion of the ClO,~ anions were

associating with QA groups within the PMETAC brush.
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Figure 3.6 Plot of the radial distribution functions (RDFs) of the nitrogen in the QA group (Naqa) of
the PMETAC chains with the CAanion of the SCN™ anions (orange) and the CAanion Of the ClO4 anions

(green)

From the RDF in Figure 3.6, the radius of the first coordination shell of QA groups was
approximated to be 8.15 A in the PMETAC brush systems. Graphs displaying the distribution of
lifetimes for CIO4~, SCN™ anions and the intrinsic ClI~ counterions within 8.15 A of the QA groups
were generated and are plotted in Figure 3.7. For the PMETAC brush systems in the studied salt
solutions, a proportion of CIO,~and SCN™ anions reside in the first coordination shell of the QA
groups for the entire simulated trajectory (4000 ps). The CI~ counterions have shorter lifetimes
than ClO,~ and SCN™ anions. The graphs shown in Figure 3.7 demonstrate there is a distinct
difference in the behaviour of ClI” counterions in close contact with the QA groups and studied

salt anions, SCN~and ClO4".
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Figure 3.7 Plots of the normalised distribution of lifetimes for the a) CI~ counterions within 8.15 A

of the nitrogen in the QA group (Nqa) of the PMETAC brush in the presence of water, b) SCN~anions

within 8.15 A of the nitrogen in the QA group (Naa) of the PMETAC brush and c) ClO4 anions within

8.15 A of the nitrogen in the QA group (Nga) of the PMETAC brush.
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3.4 Discussion

3.4.1 Conformation and Hydration of PMETAC Brush
Both the hydration and conformational behaviour of the modelled PMETAC chains have been

observed to vary in the presence of water, 0.5 M NaSCN and 0.5 M NaClQ, solutions. The chains
were fully extended in water, and perpendicular to the surface with no observed layering over
the surface as displayed in Figure 3.8a. This is due to the high grafting density (Table 2.2)
considered in this study and can be attributed to both the electrostatic repulsion between the
charged chains and to the fully hydrated chains. The addition of the salt solutions under
investigation caused a decrease in the height of the brush (Figure 3.4) and a less swollen
configuration was observed (Figure 3.8b and 3.8c), thus successfully capturing the well-known

conformational response that occurs when salt solutions are added to PE brushes.>®

Figure 3.8 Final configurations of PMETAC chains upon the addition of a) water, b) 0.5 M NaSCN
solution, c) 0.5 M NaClO4 solution. Water molecules, hydrogen atoms and ions are not displayed for

clarity.
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According to polymer brush (PB) literature, the observed collapse is due to the presence of
highly mobile salt anions within the PMETAC brush. This causes a decrease in the Debye
screening lengths accompanied by a strengthening of electrostatic screening of the QA groups.>®
Electrostatic repulsions between the chains are, therefore, minimised and a collapsed
conformation is adopted.® Although, it must be noted that this “electrostatically-driven
collapse” theory*® does not explain why the collapse is more prominent in the presence of ClO4”
than SCN™ (Figures 3.3, 3.4 and 3.8) as reported from the simulations in this study. The two
studied anions have the same charge and, therefore, the collapse observed in both salt solutions

should be equal.

Findings in this thesis, however, have demonstrated that the decrease in the height of the
PMETAC brush (Figure 3.4) and decrease in the number of water molecules within the brush
(Figure 3.5) was more prominently observed in NaClO4, than NaSCN. The subtle differences
observed between the two chaotropic anions, ClOs~ and SCN~ regarding hydration and
conformational behaviour of PMETAC, has previously been reported by Kou et al.*® and support
the results from the simulations in this thesis. Kou et al** found that ClOs~ had a more
pronounced effect not only on the conformation of the PMETAC brush, but also the observed
dehydration process.®® To understand the difference in the behaviour of the brush in the
presence of ClO,~ and SCN-, it is important to appropriately consider the formation of distinct

chemical species such as ion pairs.

3.4.2 Detecting lon Pairing
Two different types of ion binding states have been observed in the PMETAC system as indicated

by differences in the lifetimes of ClOs~and SCN™anions and the intrinsic ClI” counterions, shown
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in Figure 3.7. The distribution of lifetimes for ClO,~and SCN-, along with CI” counterions (Figure
3.7) within 8.15 A of QA groups show that CI- counterions have short lifetimes compared to ClO4

40,45

and SCN™ anions. This observation, along with LMWA theory, ion dispersion theory*? and

previous investigations,>®° suggests that ClO,” and SCN™ anions are forming ion pairs with QA

groups in the PMETAC chains, whereas CI” counterions are not.>®°

To detect ion pairs within each PMETAC brush system, equation 3.1 was used. As discussed, R is
approximated to be 8.15 A, the first coordination shell of QA groups along the PMETAC chains
(Figure 3.6). Effects of confinement were estimated by calculating the diffusion coefficient of CI~
counterions which are confined within the brush but are not involved in ion pairing (Figure 3.7).
The diffusion coefficient of CI- counterions from the PMETAC system in water was calculated to
be 0.547 x 107 m? s71, using the diffusion coefficient plug-in3® in VMD,*?° which in turn, uses

the mean squared deviation of the Cl~ anions and Stokes-Einstein Equation.1?%133

It was, therefore, proposed that an ion pair forms when an anion resides for longer than 600 ps,
within 8.15 A of a QA group. Graphs showing the distribution of lifetimes are shown in Figure
3.9. Very few ClI” counterions show evidence of ion pairing in the PMETAC brush systems in water
(Figure 3.9), NaSCN and NaClO, solutions (Appendix 3: Figure A.3.1 and A.3.2). In contrast, a
large proportion of CIO,~and SCN™ anions are involved in ion pairing. These findings (Figure 3.9)
are consistent with the previously reported chaotropic nature of CIO,~and SCN™ anions and the

borderline kosmotropic nature of CI” counterions.>®°

55



P(T.)

0.3

0.2

0.1

0.0

0.9
0.8
0.7
0.6
~~0.5
Lad
a 0.4
0.3
0.2
0.1
005 . 2000 4000
Time / ps
0.9
0.8
0.7
0.6
~~0.5
)
Q0.4
0.3
0.2
0.1
0.0
12000 4000 0 12000 4000
Time / ps Time / ps

Figure 3.9 Plot of the normalised distribution of lifetimes for the a) Cl~ counterions within 8.15 A of

the nitrogen atoms of the QA groups (Nqa) along the PMETAC chains in water, b) the SCN™ anions

within 8.15 A of the nitrogen atoms of the QA groups (Naa) along the PMETAC chains and c) for the

ClO4~ anions within 8.15 A of the nitrogen atoms of the QA groups (Naa) along the PMETAC chains.

Only ion paired anions are displayed (t = 600 ps) in colour.
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lon pairing is observed between QA groups and the ClO,"and SCN™anions in the PMETAC brush
systems. 11 % of QA groups in the PMETAC brush system (Figure 3.10) are paired to one ClO4”
anion (illustrated in Figure 3.11a) and significantly more, 44 % of QA groups (Figure 3.10) are

paired to one SCN™ anion (illustrated in Figure 3.11c).
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Figure 3.10 Plot of the percentage of QA groups on the PMETAC chains bound to the SCN™ and ClO4”

anions, ion pairs and higher-order ion clustering over the trajectory. Values are recorded in

Appendix 5: Table A.5.1

However, the nature of the interactions and structures formed between the ClO;  and SCN~
anions and QA groups in the PMETAC chains seem to be more complex than the accepted term
“ion pairing” initially suggests. Evidence from simulations in the present study indicates that a

significant proportion of QA groups are involved in interacting with multiple salt anions for at
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least 600 ps, leading to the formation of higher-order ion clusters. The presence of ClO4™ anions
favours this type of ion interaction with 89 % of QA groups (Figure 3.10) involved in higher-order
ion clustering (illustrated in Figure 3.11b) compared to 47 % of QA groups being involved in

higher-order ion clustering with SCN™ anions (illustrated in Figure 3.11d).
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Figure 3.11 Configurations showing examples of ion pairs and higher-order ion clusters forming with
a QA group along the PMETAC chains and a) one ClIO4™ anion, b) three ClO4~ anions, c) one SCN~
anion and d) two SCN™ anions. Only relevant anions are displayed and water molecules along with
hydrogen atoms are not shown for clarity. Carbon atoms are cyan, sulfur atoms are yellow, nitrogen
atoms are blue, oxygen atoms are red and chlorine atoms are pink. Representations of specific-ion
interactions have been added as dashed lines, to better demonstrate ion pairing or higher-order ion

clustering in each system.

It is important to note that ion pairing tends to be overestimated in MD simulations using simple

force fields.’* Force fields are only estimates of interactions between particles and the quality
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of that estimate is dependent on the exact scenario which those particles are in. By including
electronic polarisation effects or by using ab initio MD, results could be significantly improved.
However, the computational cost of including an explicit polarisation effect rises considerably.
The computational expense of building and running a PB system simulation is already substantial
so the additional cost of polarisability effects may be unfeasible.>!3* A significant compromise in
the size of the simulated PB would have to be made which may affect the reproducibility of
results experimentally. Recently, progress has been made in machine learning potentials for

135

complex aqueous systems>> and may be applicable to the PB systems studied throughout this

thesis.

Despite the recorded drawbacks in using non-polarisable force fields, the experimentally

839 were reproduced by

observed and complex conformational responses of PMETAC brushes
the simulations in this thesis. Hence, showing that the chosen atomic parameters have captured

the specific-ion behaviour of a PMETAC brush in the presence of highly concentrated chaotropic

anions, ClO4~and SCN™.

3.4.3 Influence of lon Pairs and Higher-Order lon Clusters
Thus far, it has been shown that the hydration levels of PMETAC brushes are decreased in NaSCN

and NaClO, solutions (Figure 3.5). Upon closer inspection, it is clear there is also a decrease in
water molecules in the first hydration shell of QA groups in the presence of the studied salt
solutions, as indicated by the relative heights of peaks in the RDFs plotted in Figure 3.12. This
observation, along with percentage values of water molecules lost from the PMETAC brush
(Figure 3.5), indicates that the newly formed ion pairs and higher-order ion clusters are

hydrophobic, particularly those formed between the QA groups and the ClO,~ anions. An overall
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shift in the chemical properties of the PMETAC chains may, therefore, be occurring, thus leading
to a “hydrophobic collapse”,® similar to hydrophobic driven protein folding mechanisms.!3¢

Consequently explaining, in part, the decreased height of the PMETAC brush in the salt solutions

under investigation, which is more prominently observed in NaClO, solution.
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Figure 3.12 Plot of the radial distribution functions (RDFs) of the nitrogen of QA groups (Nqa) of the
PMETAC chains with the oxygen of water molecules (Ow) in water, 0.5 M NaSCN solution and 0.5 M

NaClO4 solution.

The decrease in PMETAC brush height in NaSCN and NaClO4 solutions can be further explained
by considering the frequency and conformations of higher-order ion clusters. The conformation
of the PMETAC brush is more entangled and disordered in the presence of ClIO,~and SCN™ anions
(Figure 3.8), compared to the chains in water, owing to the formation of higher-order ion
clusters and ion pairs. Additionally, only higher-order ion clusters consisting of multiple anions

interacting with one QA group have been discussed up to now. However, conformations within
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the PMETAC chains indicates the formation of ion pockets around chaotropic anions, where
several QA groups simultaneously associate with one ClO4"anion or SCN™ anion for at least 600
ps (illustrated in Figure 3.13). lon triplets (two QA groups surrounding the anion), ion
quadruplets (three QA groups surrounding the anion), ion quintuplets (four QA groups — one
anion) and on rare occasions ion sextuplets (five QA groups —one anion) are all observed within
PMETAC chains (Figure 3.14). The observed ion pockets form with QA groups from neighbouring
monomers surrounding the anion, QA groups from different sections of the chain and the other

PMETAC chains within the modelled PMETAC brush.
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Figure 3.13 Configurations illustrating examples of ion pockets for a) an ion quintuplet made up of
one ClO4 anion and four QA groups along the PMETAC chains, b) an ion quadruplet made up of one
SCN™ anion and between three QA groups along the PMETAC chains, c) an ion quadruplet made up
of one ClO,;™ anion and three QA groups along one of the PMETAC chain. Only relevant anions are
displayed, and water molecules and hydrogen atoms are not shown for clarity. Carbon atoms are
cyan, sulfur atoms are yellow, nitrogen atoms are blue, oxygen atoms are red and chlorine atoms
are pink. Representations of specific-ion interactions have been added as dashed lines, to better

demonstrate the ion clustering in each system
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ClO4~ anions prefer to form larger ion pockets with the QA groups than the SCN~ anions
demonstrated by the higher frequency of quadruplets, quintuplets, and sextuplets (Figure 3.14).
This may be due to the slightly larger ionic radii of ClO4~ anions (2.41 A7) compared to SCN™
anions (2.15 A1), A consequence of these larger ion pockets is that the PMETAC chains must
bend to accommodate ClO,~ anions and the monomers throughout the chains are observed to
rearrange themselves to situate pendant QA groups into the optimal position for forming ion
pockets (Figure 3.13). Thus, a more collapsed conformation is observed in the presence of ClO4~

anions.
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Figure 3.14 Plots of frequency of the number of QA groups on the PMETAC groups within 8.15 A of

a) SCN™ anions and b) ClO4™ anions for the last frame of the simulated trajectory.
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Finally, several theories predict the strength of ion pairing with QA groups in the PMETAC brush
increases from ClI™ to SCN™ to ClO4~. The LMWA theory?®# suggests that this is due to the ionic
hydration of the anions increases from ClO,s~ to SCN™to ClI” and the ionic dispersion interaction
theory* agrees as the polarisability increases from Cl™ to SCN™ to ClO4. Our findings seem to
support these theories as demonstrated by the tendency for CIO,™ anions to reside in the first
solvation shell of QA groups for a longer period compared to SCN™ (Figure 3.9), combined with
the preference of ClOs™ to form higher-order ion clusters (Figure 3.10) and larger ion pockets

(Figure 3.16b).

3.5 Conclusion
In this chapter, it has been reported that the studied salt solutions, 0.5 M NaSCN and 0.5 M

NaClQ4, induced a less swollen conformation within the simulated PMETAC brush compared to
in water. A more pronounced decrease in brush height and dehydration of the PMETAC chains
was observed in NaClO, compared to NaSCN solution, thus following the expected order
predicted by the Hofmeister series. The observations presented here are in good agreement
with previous experimental®®®® investigations, thus showing that the chosen atomic
parameters, from the AMBER force fields:*® ff14SB% and General Amber force field (GAFF)'®
parameter sets, have captured the specific-ion behaviour of a PMETAC brush in the presence of

highly concentrated chaotropic anions, CIO, and SCN".

Previous experimental studies®>®3 have suggested that changes in hydration and conformation
of PMETAC brushes are linked to ion pairs forming between chaotropic anions and QA groups
along the PMETAC chains. Due to the complexity of the PB system, along with the timescales

involved in ion pairing, it is challenging to gather further information regarding ion pairs using
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experimental methods.*® A computational study by Santos et al.> employed atomistic MD
simulations to examine ion pairing further. They presented graphs showing RDFs for the QA
groups and the salt anions under investigation. Through the analysis of these graphs, Santos et
al.> proposed that chaotropic anions formed strong ion pair interactions with QA groups.
Although the RDFs do clearly indicate the studied chaotropic anions are associating more closely
with the QA groups than the kosmotropic anions, a constraint of using RDFs is that no
information about the dynamics of anions in close contact with the brush is provided. Therefore,
the ion pairing inferred from the RDFs could, in fact, be indicative of the expected brief
encounters between the salt anions and QA groups on the PMETAC chains due to their thermal

motion within the solution.

The results presented in this chapter sought to address this limitation. The lifetimes of specific-
anion interactions were deemed essential to study as the definition of ion pairs is dependent on
both the distance between the ions and the amount of time the ions reside in that specified
region.* Graphs displaying the lifetime distributions of anions in the first solvation shell of QA

groups verified that ion pairs formed between QA groups and the ClO,"and SCN™ anions.

By identifying the anions and QA groups involved in ion pairing interactions, it was possible to
further analyse conformations and motifs present. It became clear that the term “ion pairing”
was an oversimplification of the specific-ion interactions occurring within the PMETAC brush.
Multiple ClOs~ and SCN™ anions were found to be paired simultaneously to QA groups,
consequently forming higher-order ion clusters. lon pockets were also observed wherein
multiple QA groups were simultaneously paired to one of the studied chaotropic anions. The

changes in hydration and conformation of the brush can not only be linked to the presence of
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ion pairs but also the frequency and size of higher-order ion clusters and ion pockets. ClO,” were
observed to form larger pockets with QA groups on the PMETAC chains. A consequence of this
is the bending of the chains to better accommodate the ClO4 anions. The monomers along the
PMETAC chains rearrange themselves to situate the pendant QA groups into the optimal
position for forming ion pockets. The formation of ion pockets, therefore, influences the
conformation of the PMETAC chains and encourages a less swollen conformation. Furthermore,
ion pockets, along with ion pairs and higher-order ion clusters, have been shown to influence

the hydrophobicity of the chains therefore influencing the hydration of the PMETAC chains.

Finally, atomistic MD simulations have been shown to be valuable in elucidating the mechanisms
involved in specific-ion interactions within PMETAC brushes. Structural and dynamical
properties, however, have been found to vary with the size of the simulation cell in previous MD
investigations.’3%142 The next chapter will attempt to understand effects of increasing the size
of the PMETAC brush systems, from modelling two polymer chains per brush system to

modelling eight polymer chains.
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CHAPTER 4: ION PAIRING AND HIGHER-ORDER ION CLUSTERS IN
AN EIGHT-CHAIN POLYELECTROLYTE BRUSH MODEL

4.1 Introduction
The findings presented in the previous chapter have shown that it is possible to employ atomistic

MD simulations to detect ion pair interactions within poly (2-(methacryloyloxy) ethyl
trimethylammonium chloride (PMETAC) brushes in the presence of highly chaotropic salt
anions, SCN™ and ClO,". The frequency and size of higher-order ion clusters have been linked to

the observed changes in structural features and hydration levels of PMETAC chains.

These results, however, have been generated from simulations performed within a finite
simulation cell containing two PMETAC chains. Ideally, many hundreds of polymer chains would
be modelled, thus, representing a realistic polymer brush (PB). Despite ongoing improvements
in computer facilities and MD programmes, this is still currently computationally unfeasible. As
a compromise, a small number of polymer chains are, instead, modelled while employing
periodic boundary conditions (PBCs). PBCs form an infinite lattice by replicating the original
simulation box through all directions in space (a 2D representation of this is illustrated in Figure
2.1). By setting PBCs in all dimensions, as used in the simulations discussed in Chapter 3, both
the surface and the two modelled PMETAC chains within the simulation have been infinitely

extended.

It is well-known, however, that some structural and dynamical properties may vary with the size
of the simulation box.1*1%? Studies focusing on diffusion coefficients and viscosities, for
example, have found that these measurements tend to change with an increase in the size of
the system due to finite-size effects.¥1421%3 Hence, for calculations focusing on the

determination of properties, such as diffusion coefficients, finite-size effects must be taken into
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account and corrections are sometimes applied.*® Furthermore, the nature of the two-chain
PMETAC brush systems means that polymer chains are often interacting with periodic images of

themselves.

In this chapter, the PMETAC brush is expanded, from modelling two polymer chains per PMETAC
system (as seen in Chapter 3) to modelling eight polymer chains (Figure 4.1). The eight-chain
system contains more distinct chains, therefore reducing self-interactions through PBCs, and
reducing finite-size effects. However, by increasing the number of polymer chains within the
PMETAC brush system, the number of atoms simulated is dramatically increased, thus
substantially increasing the computational workload. The purpose of this chapter is to
investigate if the two-chain PMETAC system reported in Chapter 3, is representative of the eight-

chain system reported here.
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Simulation Box Dimensions

x=316A y=510A z=554A

Simulation Box Dimensions
x=632A y=510A z=1095A

Figure 4.1 Final configurations illustrating the a) side and top view of two-chain PMETAC brush
system, b) side and top view of eight-chain PMETAC brush system. Only PMETAC chains (cyan and
red) and the surface (yellow) are displayed in each picture. Water molecules, hydrogen atoms, and

chloride counterions are not shown for clarity.
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4.2 Methods

4.2.1 System Description
Atomic coordinates for the initial configurations of the modelled eight PMETAC chains, each

consisting of 100 monomer units, were built using the TopoTools plugin for Visual Molecular
Dynamics programme (VMD)!* and in-house codes. Each chain was tethered at a distance of
3.162 nm between grafting points, leading to a grafting density of 0.1 chains nm™2. PMETAC
chains were initially constructed as fully stretched rod-like chains perpendicular to the surface
(defined using LAMMPS® intrinsic functions) consisting of four layers of sulfur atoms that
remained fixed throughout the simulation. The initial configuration of the PMETAC brush

consisted of an array of chloride counterions.

A combination of two AMBER® force fields, ff14SB®® and the General Amber force field (GAFF),*%°
were used to model the polymer chains, thiol initiators and surface. The rigid three-site SPC/E
model was used to explicitly represent water molecules.!®>'® The chloride counterions of
PMETAC were modelled using Joung and Cheatham’s set of parameters specific for use with the
SPC/E water model.?* The atomic charges for the polymer chains and thiol initiators were
calculated with the Hartree—Fock self-consistent field theory and the 6-31G* basis as described

in restrained electrostatic potential (RESP) methodology.3!

The PMETAC chains were orientated in the simulation box in such a way that the polymer chains
were parallel to the y-axis and normal to the xz-plane. Periodic boundary conditions (PBCs) were
set in the x, y and z directions. Interactions between the top of the PMETAC chains and the
periodic image of the surface in the y-direction were prevented because the simulation box was
larger than the fully stretched chains of the polymer combined with the non-bonded interaction

cut-off.
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4.2.2 Simulation Details
Atomistic MD simulations were performed using LAMMPS (large-scale atomic/molecular

massively parallel simulator).888° The Velocity Verlet algorithm'® was used with a time step of

2 fs to integrate Newton’s equations of motion. Initial velocities were taken from a Maxwell
distribution at 298 K and 1 atm. Energy minimisation, using the conjugate gradient method, was
performed for all the systems until a mean force of lesser than 1.0 x 107 kcal mol™* A™* was
achieved. Equilibrium runs were performed on the PMETAC brush systems, in a canonical
ensemble (NVT) at 500 K for 28 ns, before the system was cooled to 298 K and simulated for

approximately 10 ns.

Following equilibration, production runs were executed in the same conditions as the
equilibrium run for 4 ns. The last snapshot of the equilibration process was used as the initial
configuration. In both the equilibration and production steps the Noose-Hoover thermostat'®’

was employed. The SHAKE algorithm?32

was used to constrain the bond lengths and bond-
bending angles of water molecules. The cut off of the interatomic potential is set at 11.0 A with
long-range electrostatic interactions between charged species handled using the
particle-particle particle-mesh (pppm) method'® with a root-mean accuracy of 1076, Analyses

144,145

of the trajectories were performed by a combination of LAMMPS,® MDAnalysis and in-

house codes.

4.3 Results

4.3.1 Conformation and Hydration of PMETAC Brush
The end-to-end brush heights (< z. >) of the PMETAC eight-chain system, in 0.5 M NaSCN and

0.5 M NaClQ, solutions are shown in Figure 4.2. The presence of these studied salt solutions
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induced a significant decrease in brush height. The decrease in brush height was more

prominently observed in NaClO4solution.
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Figure 4.2 Plot of variation in the average end-to-end brush height (< z. >) of the PMETAC chains in
the presence of water (blue), 0.5 M NaSCN (orange) and 0.5 M NaClO4 solution (green). Error bars
are shown representing the standard deviation of the set of end-to-end brush height values per

PMETAC brush system.

Furthermore, in the presence of both 0.5 M NaClO4sand NaSCN solutions there was significant
loss of water within the PMETAC chains (Figure 4.3). The loss of water molecules was more

prominent for the brush in the presence of NaClO, solution than NaSCN.
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Figure 4.3 Plot of percentage loss of water molecules within the brush in the presence of 0.5 M

NaSCN solution and 0.5 M NaClO4 solution. Values are recorded in Appendix 4: Table A.4.3

4.3.2 Specific-lon Interactions
Throughout Chapter 3, it has been demonstrated that hydration levels and conformational

behaviours of PMETAC brushes are influenced by ion pairing and by higher-order ion clustering.
The definition of an ion pair, discussed in Section 3.4.2, states that an ion pair is formed when
an anion resides, for longer than 600 ps, within 8.15 A of QA groups of the PMETAC brush.
Considering this definition, graphs showing distributions of lifetimes for the studied chaotropic
anions within 8.15 A of QA groups are displayed in Figure 4.4. lon pairing was observed between

QA groups and ClO,~and SCN™anions in the eight-chain PMETAC brush systems.
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Figure 4.4 Plots of the normalised distribution of lifetimes a) for SCN~anions within 8.15 A of the
nitrogen atoms of QA groups (Nqa) along the PMETAC chains. b) for ClO4~ anions within 8.15 A of
the nitrogen atoms of QA groups (Nqa) along the PMETAC chains. Only ion paired anions are

displayed (t = 600 ps) in colour.
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As shown by Figure 4.5, almost all QA groups in the eight-chain PMETAC brush system are
involved in ion pairing interactions with ClO,~ and SCN™ anions. Higher-order ion clusters

dominate specific-anion interactions observed both in the presence of ClO, and SCN™anions.
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% of QA Groups
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Figure 4.5 Plot of percentage of QA groups on the PMETAC chains interacting with SCN™ and ClIO4~
anions within 8.15 A of each other for a time longer than 600 ps, ion pairs and higher-order ion

clustering over the trajectory. Values are recorded in Appendix 5: Table A.5.3.

4.4 Discussion
As the PMETAC brush system was expanded from containing two-chains to eight-chains, the

number of atoms and, therefore, interactions within the simulation cell increased significantly.
The eight-chain PMETAC brush simulations were over eight times slower than those run for the

two-chain systems and were consequently performed for significantly less time (Appendix 2:
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Figures A.2.1 and A.2.2). Despite this, similar structural behaviour was observed for the two-
chain and eight-chain PMETAC systems. NaSCN and NaClO, solutions were observed to induce
a decrease in the height of the PMETAC chains, more prominently observed for the brush in the
presence of ClO,~ anions (Figures 3.4 and 4.2). Furthermore, the average end-to-end brush
height values recorded for the eight-chain PMETAC are similar to those presented for the two-
chain model (Figure 3.4). Similarities, both in terms of trends (Figures 3.5 and 4.4) and values
(Appendix 4: Tables A.4.1 and A.4.3), continued upon investigating the dehydration process of

the differently sized brush models which occurred in the presence of the studied salt solutions.

Both the two-chain and the eight-chain PMETAC brush systems reveal similar structures and
behaviours regarding specific-anion interactions. Higher-order ion clustering dominated
specific-anion interactions for SCN™ and ClO4™ anions in the eight-chain PMETAC system as was
observed in the two-chain PMETAC brush systems (Figures 3.10 and 4.5). Minor variations in
percentage values were reported (Appendix 5: Tables A.5.1 and A.5.4) which could be due to

differences in simulation times between the PMETAC brush systems.

By comparing values of average end-to-end brush height and percentage loss of water for the
two-chain and eight-chain PMETAC systems, it is clear that the fundamental features of the
hydration and conformational behaviour have not been significantly affected by expanding the
size of the simulated PMETAC brush. As expected, the eight-chain PMETAC brush model
produced very similar results to its two-chain counterpart, both qualitatively and quantitatively.
The findings from the atomistic MD simulations for the two-chain PMETAC brushes were,

therefore, validated and it can be suggested that the effects of interactions between the
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PMETAC chains are successfully captured by the smaller, simpler two-chain PMETAC brush

model.

4.5 Conclusions
Results from the two-chain and eight-chain PMETAC brush systems are similar in terms of their

conformation, hydration, and specific-anion interactions in the presence of ClOs,~ and SCN~
anions. The macroscopic properties studied in this thesis, along with findings related to ion

pairing and higher-order ion clustering, show no system-size dependencies.

These conclusions indicate that researchers employing MD simulations to examine specific-ion
interactions in PBs may be able to justify only modelling very few polymer chains. This is vital as
using atomistic MD simulations to investigate PB systems containing eight-chains was time
consuming and computationally expensive. This was due to the large number of atoms being
modelled combined with uncompromisable simulation requirements, for example, explicit
representation of solvent molecules. Modelling water explicitly can reproduce solvation effects
of real solvent-like hydrophobic effects®” which are crucial to capture when investigating ion
pairs, despite the extensive simulation time required. Reducing the computational expense and
simulation time by limiting the number of polymer chains modelled, offers researchers the
opportunity to investigate a wider variety of PB systems within one project. For example,
specific-ion interactions have been reported for many different types of PBs: strong PE brushes,
weak PE brushes, neutral PBs,* and more complex systems such as polymer films.* Modelling
these systems and systematically studying specific-ion effects within each one would be
beneficial in furthering our understanding of the responsiveness of PBs and optimising PBs for

use in these practical applications.
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These findings are taken advantage of throughout the rest of this thesis. Simulations of a
polyzwitterionic brush, PSBMA, containing two modelled polymer chains are discussed in the
next chapter. Specific-ion interactions between PSBMA brushes, which contain the chaotropic
QA group (as is present in PMETAC brushes) and highly concentrated ClO4~and SCN™anions will
be explored. The effects of chaotropic ions on the hydration and conformation of the PZ brush
will be examined and compared with results generated for PMETAC brushes (discussed in both

Chapters 3 and 4).
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CHAPTER 5: 10N PAIRING AND HIGHER-ORDER ION CLUSTERING
IN A TWO-CHAIN ATOMISTIC POLYZWITTERIONIC BRUSH MODEL

5.1 Introduction
Polyzwitterionic (PZ) brushes consist of net-neutral zwitterionic polymers grafted densely to a

substrate.* A surface modified by PZ brushes, can effectively resist protein adsorption and,
therefore, PZ brushes have many potential biomedical applications.”*>!¢ The protein resistant
characteristics can be modulated by specific-ion effects as they are dependent on both

hydration and conformation properties of PZ brushes.”6%147

Specific-ion interactions have been discussed and studied in Chapters 3 and 4 for polyelectrolyte

4-6839,55127 stydies into the effects

(PE) brushes. In contrast to research carried out on PE brushes,
of kosmotropic and chaotropic ions on PZ brushes are relatively rare.*”?” It is believed that ion
pairing interactions are responsible for the specific-ion effects of PZ brushes, as has been
observed for PE brushes. However, even less is known about the conformations and lifetimes of

ion pairs within PZ brushes. Furthermore, the mechanism involved in how the type of ion

impacts the hydration and structural behaviour of PZ brushes is still somewhat unclear.

A study by Wang et al.” examined a typical PZ brush, poly(sulfobetaine methacrylate) (PSBMA)
brush (monomer illustrated in Figure 5.1), in a range of sodium salt solutions to investigate the
role of increasing ionic strength as well as specific-ion interactions. A PSBMA brush comprises of
pendant groups of sulfobetaine that contain a cationic quaternary ammonium (QA) group
separated from an anionic sulfonate group by an alkyl spacer and belongs to a class of common
PZ brushes called poly(sulfobetaine)s. According to Wang et al.,” the conformation of PSBMA

brushes is influenced by two competing factors:
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1. interchain/intrachain dipole-dipole cohesive interactions between sulfobetaine
pendant groups.

2. interactions between water molecules and charged groups on the zwitterionic units.

Interchain/intrachain interactions favour a collapsed structure within PSBMA brushes, whereas
a swollen conformation is observed upon an enhancement to the extent of hydration levels

within the chains.

i \/\/\ 7
\H‘\O/\/N\ D& ~o

Figure 5.1 Chemical structure of the sulfobetaine methacrylate (SBMA) monomer.

Quartz crystal microbalance with dissipation (QCM-D) was employed in order to explore the
hydration and conformation of PSBMA brushes.” The variation in frequency measurements (Af)
relates to mass changes within the brush, or in other words, the increase or decrease in water
molecules coupled to the PSBMA brush. For electrolyte solutions in the high ionic strength
regime (>~ 0.1 M), the levels of hydration within the PSBMA brush increased. Chaotropic anions
were found to induce the lowest increase in hydration levels within PSBMA brushes and the

anion trend for Af was reported as, SCN™ < ClO4~ < ClOs ~ < Br7, regarding specific-anion effects
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on PSBMA brush hydration. CIO4~anions induced greater brush hydration than was observed for

SCN".

To explain the observed results, Wang et al.” suggested that in highly concentrated electrolyte
solutions, there may be dissociation of ion pairs between the studied anions and QA groups
along the PSBMA brush. lon pair dissociation leaves QA groups free to bind with water molecules
and, consequently, hydration levels within the brush increase. It is more difficult for a stronger
ion pair to disassociate; therefore, this results in lower brush hydration levels. Within the same
research, however, QCM-D measurements carried out in the low ionic strength regime,
suggested that ClO4~ anions form stronger ion pairs with QA groups than SCN™anions. Therefore,
this study does not fully explain why ClO4™ anions enhanced hydration levels within PSBMA

brushes more than SCN".

It is clear that further research is required to improve our understanding of the interplay of
interactions within PZ brushes and the role of ion pairing in influencing their conformation and
hydration.*”?” In this chapter, atomistic molecular dynamics (MD) simulations are used to study
the influence of 0.5 M NaClO4 and 0.5 M NaSCN, interacting with a PSBMA brush. According to
the Hofmeister Series (Figure 1.2), both ClO,~ and SCN™ anions are known to be strongly
chaotropic anions, with stronger chaotropic characteristics displayed by ClIO,™ anions. It is
expected that both ClOs~and SCN™anions will form ion pairs with QA groups within the PSBMA
brush. The variation of brush height and hydration properties with the studied salt solutions are
examined and the method for detecting ion pairs and higher-order clusters outlined in Chapter
3, is adapted for PSBMA brushes, therefore, the lifetimes and conformations of newly formed

ion pairs are analysed.
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4.2 Methods

4.2.1 System Description
Atomic coordinates for the initial configurations of the modelled two PSBMA chains each

consisting of 100 monomers were built using the TopoTools plugin for Visual Molecular
Dynamics programme (VMD)'?° and in-house codes. Each chain was tethered so that the
distance between grafting points was 3.162 nm. PSBMA chains were initially constructed as fully
stretched rod-like chains perpendicular to the surface (defined using LAMMPS®® intrinsic
functions) consisting of four layers of sulfur atoms, which remained fixed throughout the

simulation.

A combination of two AMBER® force fields, ff14SB* and the General Amber force field (GAFF),'®
were used to model the PZ chains, thiol initiators and surface. These force fields are commonly
used in combination and have been used in the simulation of polymer® and protein
systems.10%1%3 The rigid three-site SPC/E model was used to explicitly represent water molecules
and was chosen because it is computationally inexpensive and widely used.'*>!'® The atomic
charges for the PSBMA chains and thiol initiators were calculated with the Hartree-Fock self-
consistent field theory and the 6-31G* basis as described in restrained electrostatic potential

(RESP) methodology.!

The PSBMA chains were orientated in the simulation box in such a way that the PZ chains were
parallel to the y-axis and normal to the xz-plane. Periodic boundary conditions (PBCs) were set
in the x, y and z directions. Interactions between the top of the PZ chains and the periodic image
of the surface in the y-direction were prevented because the simulation box was larger than the

fully stretched chains of the PSBMA combined with the non-bonded interaction cut-off distance.
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4.2.2 Simulation Details
Atomistic MD simulations were performed using LAMMPS.8 The Velocity Verlet algorithm?°®

was used, with a time step of 2 fs to integrate Newton’s equations of motion. Initial velocities
were taken from a Maxwell distribution at 298 K and 1 atm. Energy minimisation, using the
conjugate gradient method, was performed for all the systems until a mean force of less than
1.0 x 107 kcal mol™* A"* was achieved. Equilibrium runs were performed on the PSBMA brush
systems in a canonical ensemble (NVT) at 500 K for 35 ns, before the system was cooled to 298

K and simulated for a further 30 ns.

Following equilibration, production runs were executed under the same conditions as the
equilibrium run for 4 ns. The last snapshot of the equilibration process was used as the initial
configuration. In both the equilibration and production steps, the Noose-Hoover thermostat'®’

was employed. The SHAKE algorithm?32

was used to constrain the bond lengths and bond-
bending angles of water molecules. The cut-off for the interatomic potential is set at 11.0 A with

long-range electrostatic interactions between charged species handled using the

particle—particle particle-mesh (pppm) method'® with a root-mean accuracy of 107°.

Analyses of the trajectories were performed by a combination of LAMMPS®, MDAnalysis!#4145
and in-house codes. All the analyses presented in this chapter have been performed considering

the last 4 ns of each of the simulations.
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5.3 Results

5.3.1 Conformation and Hydration of PSBMA Brush
Final configurations of PSBMA brush systems in water, 0.5 M NaClO4 and 0.5 M NaSCN solutions

are shown Figure 5.2. It is evident that the salt ions are distributed throughout the simulation

box.
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Figure 5.2 Representation of the final configurations of the PSBMA chains in the presence of a)
water, b) 0.5 M NaClO, solution and c) 0.5 M NaSCN solution. PSBMA chains are shown in blue.
Sodium cations are depicted in orange, ClO,”anions are in red, and SCN™ anions are in yellow. Water

molecules are not displayed for clarity.
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As can be seen in Figure 5.2, the conformation of the PSBMA brush (shown in blue) was
noticeably altered in the presence of 0.5 M NaClO, and 0.5 M NaSCN solutions. The end-to-end
brush height (< z.>) of the PSBMA brushes in the studied solutions is presented in Figure 5.3.
The height of the PSBMA brush was observed to increase in the studied salt solutions, and this

effect was more prominent in the presence of SCN” compared to ClO4™ anions.
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Figure 5.3 Plot of variation in end-to-end brush height (< z.>) of the PSBMA chains in the presence
of water (blue), 0.5 M NaSCN (orange) and 0.5 M NaClO, (green) solution. Error bars are shown

representing the standard deviation of the set of end-to-end brush height values per PSBMA brush

system.

The conformation of PZ brushes is known to be related to the interchain/intrachain

dipole-dipole cohesive interactions within the PZ brush.*”?” Radial distribution functions (RDFs)
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of the nitrogen of QA groups (Nqa) along one PSBMA chain with the Nqa on the other PSBMA
chain are plotted in Figure 5.4. A greater proportion of QA groups are more likely to be found
near each other in water than in either studied salt solutions, as indicated by the relative heights
of both main peaks. The height of the first peak in the RDFs is lowest in the presence of SCN~

anions compared to in water and NaClO,solution.
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Figure 5.4 Plot of radial distribution functions (RDFs) of the nitrogen of the QA group (Nqa) with the
nitrogen of the QA groups along the PSBMA chains in the presence of water (blue), 0.5 M NaSCN

(orange) and 0.5 M NaClQ4 (green) solution.

Upon the addition of NaSCN and NaClO, solutions, the observed change in conformation was

accompanied by a significant increase in hydration levels within the PSBMA brush. As illustrated
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in Figure 5.5, there was an observed increase in the number of water molecules within the
PSBMA brush for both salt solutions under investigation. This was more prominently

demonstrated for the brush in the presence of NaSCN than NaClO, solution.

NaSCN NaClO,

Figure 5.5 Plot of percentage gain of water molecules within the PSBMA brush in the presence of
0.5 M NaSCN (orange) and 0.5 M NaClO, (green) solution. Values are recorded in Appendix 4: Table

A4.2

5.3.2 Specific-lon Interactions

Interactions with Anions
Figure 5.6 shows the Nga— CAanion RDFs, where CAanion represents the central atom of ClO,”and

SCN". The relative height of the first peak for the ClO, anions is larger compared to that for the
SCN™ anions thus implying a greater proportion of the CIO,™ anions were associating with the QA

groups along the PSBMA chains.
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Figure 5.6 Plot of radial distribution functions (RDFs) of the nitrogen in the QA group (Nqa) of the

PSBMA chains with the CAanion of the SCN™ anions (orange) and the CAanion 0f the ClO4 anions (green).

From the RDFs in Figure 5.6, the radius of the first coordination shell of QA groups was
approximated to be 6.75 A for the PSBMA salt solution systems under investigation. This value
was used as R (equation 3.1) to detect ion pairs within the PSBMA brush systems, employing the
same method outlined in detail in Chapter 3: Section 3.4.2. The effects of brush confinement,
for the PSBMA brush systems, were estimated by calculating the diffusion coefficient (using the
diffusion coefficient plug-in'3® in VMD!?°) of the CI~ counterions (0.547 x 10 m? s71) which were
confined within the PMETAC brush but were not involved in ion pairing (Figure 3.9a).
Consequently, in this chapter, it was proposed that an ion pair was formed when the studied

anion resides for at least 400 ps, within 6.75 A from QA groups in the PSBMA brush.
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Graphs showing the distribution of lifetimes for the studied anions within 6.75 A of the QA
groups in the PSBMA brushes are shown in Figure 5.7. lon pairs were observed to be present in
both studied salt solutions. The ion pairs between the SCN™ anions and QA groups were more
labile than the ion pairs found in the ClO,” system as indicated by the relatively shorter lifetimes

of SCN™anions.
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Figure 5.7 Plots of normalised distributions of lifetimes for a) the SCN-anions within 6.75 A of the
nitrogen atoms of the QA groups (Naa) along the PSBMA chains. b) the ClO,~anions within 6.75 A of
the nitrogen atoms of the QA groups (Naa) along the PSBMA chains. Only ion paired anions are

displayed (t = 400 ps) in colour.
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Upon further analysis, both ion pairing and higher-order ion clustering, in which the QA groups
interact simultaneously with two or more anions for 400 ps or longer, were observed for the
PSBMA brush systems in both NaClO, and NaSCN solutions. The presence of SCN™anions was
found to favour ion pairing with 55 % of QA groups (Figure 5.8) within the PSBMA brush (an
example is shown in Figure 5.9a) involved in this type of ion interaction. Higher-order ion clusters
were predominantly detected in the presence of ClO4s anions, 54 % of QA groups in the PSBMA
brush (Figure 5.8) were interacting with one or more ClO4”anions (an example is shown in Figure

5.9b).
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Figure 5.8 Plot of the percentage of QA groups on the grafted PSBMA chains bound to the external
salt anions, ion pairing, and higher-order ion clustering averaged over the trajectory for SCN-

(orange) and ClO4" anions (green). Values are recorded in Appendix 5: Table A.5.2.
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Figure 5.9 Configurations illustrating examples of a) an ion pair forming between a QA group along
the PSBMA grafted chains and one SCN™anion and b) a higher-order ion cluster forming between a
QA group along the PSBMA grafted chains and two CIO4™ anions. Only relevant anions are displayed
in each picture, and water molecules and hydrogen atoms are not shown for clarity. Carbon atoms
are cyan, sulfur atoms are yellow, nitrogen atoms are blue, oxygen atoms are red and chlorine
atoms are pink. Representations of specific-ion interactions have been added as dashed lines, to

better demonstrate the ion pairing or clustering in each system.

Higher-order ion clusters in the form of ion pockets were also observed within the PSBMA brush
systems in the presence of NaClO4 and NaSCN solutions. An ion pocket consists of multiple QA
groups interacting simultaneously with the studied anions for at least 400 ps (Figure 5.10). The
observed ion pockets form with QA groups from neighbouring monomers surrounding the

anion, together with QA groups from different sections of the chain, as well as different chains.
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Figure 5.10 Configurations illustrating examples of higher-order io cIsters in the form of ion
pockets for a) an ion quadruplet made up of one ClO,”anion and three QA groups along the PSBMA
chains and b) an ion triplet made up of one SCN™ anion and between two QA groups along the
PSBMA chains. Only relevant anions are displayed in each picture, and water molecules and
hydrogen atoms are not shown for clarity. Carbon atoms are cyan, sulfur atoms are yellow, nitrogen
atoms are blue, oxygen atoms are red and chlorine atoms are pink. Representations of specific-ion
interactions have been added as dashed lines, to better demonstrate the ion pairing or clustering

in each system.

Figure 5.11 shows a frequency bar graph of the number of QA groups surrounding the anions in
the last frame of the simulated trajectory. lon pockets in the presence of SCN™ anions are
dominated by ion triplets (SCN™anion surrounded by two QA groups). Whereas in the presence

of ClO4~ anions, ion quadruplets are often seen.
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Figure 5.11 Plots of the number of QA groups within 6.75 A of a) SCN-anions (orange) and b) ClO,"
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anions (green) taken from the last frame of trajectory.
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Interactions with Cations
Due to the chemical structure of the PSBMA brush, Na* cations interactions with the PSBMA

brush were examined. As can been seen in Figure 5.1, SBMA contains an anionic sulfonate group.
Interactions between the sodium cations and the sulfonate groups were investigated using the
same method to detect ion pairs discussed at length in Section 3.4.2. For the Na* cations, R is
defined as 4.55 A (approximated from the RDFs shown in Appendix 6: Figure A.6.1). The diffusion
coefficient!®® was estimated to be, D = 0.465 x 10~ m? s”* which is an average of the diffusion
coefficients of the non-ion-paired Na* cations from the PMETAC brush system in NaSCN and

NaClO,4 solutions (Appendix 6: Table A.6.1).

Therefore, an ion paired Na* cation is defined as residing in the first coordination shell of the
sulfonate groups (R = 4.55 A) along the PSBMA chains for a time longer than 600 ps. Graphs
showing the distribution of lifetimes are shown in Figure 5.12. It was observed that Na* cations
are involved in ion pairing with the sulfonate groups along the PSBMA brush in both NaSCN and

NaClO4 solutions.
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Figure 5.12 Plot of the normalised distribution of lifetimes a) for the Na* cations within 4.55 A of the

sulfur atoms of the sulfonate groups (Ssuifonate) along the PSBMA chains in 0.5 M NaSCN. b) for the

Na* cations within 4.55 A of the sulfur atoms of the sulfonate groups (Ssuifonate) along the PSBMA

chains in 0.5 M NaClO4. Only ion paired Na* cations are displayed (t = 600 ps) in colour.
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Although ion pairing between sulfonate groups and Na* cations can be observed in the PSBMA
brush system in both NaClO, and NaSCN solutions, significantly less sulfonate groups are
involved in ion pairing (Figure 5.13) compared to that seen for ion pairing interactions between
QA groups and studied anions (Figure 5.8). More sulfonate groups are involved in interactions
with Na* cations in the presence of NaClO, compared to NaSCN. This is true for both ion pairing

and higher-order ion clustering (Figure 5.13).

[/ SCN™

100+ B ClO4~

80+

60

40-

% of Sulphonate Groups

201

Total lon Pairing lon Clusters
Figure 5.13 Plot of the percentage of sulfonate groups on the PSBMA chains bound to the Na*
cations, ion pairing, and higher-order ion clustering averaged over the trajectory for 0.5 M NaSCN

solution (orange) and 0.5 M NaClO4 solution (green).
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5.4 Discussion

5.4.1 Conformation and Hydration of PSBMA Brush
Results presented in this chapter demonstrate that the presence of water, NaSCN and NaClO,

solutions influences the conformation and hydration of PSBMA brushes. In water, PSBMA chains
aggregate due to interchain/intrachain dipole-dipole cohesive interactions between
sulfobetaine pendant groups (Figure 5.4). In 0.5 M NaSCN and 0.5 M NaClO4solutions, however,
the PSBMA chains display a more swollen conformation as indicated by a larger end-to-end
brush height (< z. >) (Figure 5.3) and increased number of water molecules within the brush
(Figure 5.5). The findings presented here demonstrate, as predicted by PZ literature,”?® that the
studied salt ions diffuse into the PSBMA brush (Figure 5.2), disrupt interchain/intrachain
interactions between the sulfobetaine pendant groups (Figure 5.4), and consequently the chains

expand (Figure 5.3).%

The effectiveness of ClOs~ and SCN™ anions at inducing a swollen conformation, within the
PSBMA brush, is the reverse of that expected from the Hofmeister series (Figure 1.2). ClO4~
anions would typically be expected to have a stronger influence as ClO,™ anions are generally
reportedly to be more chaotropic in nature.”* It must be noted, however, that the reported
position of these two anions within the Hofmeister series is reversed in some publications.%18
In this chapter, it was found that the presence of SCN™ has a greater effect on the conformation
of the PSBMA brush, disruption to interchain/intrachain associates (Figure 5.4), increase in the
height of the brush (Figure 5.3) and increase in hydration levels than the presence of ClO,™ anions

(Figure 5.5). To understand the difference in the behaviour of the brush in the presence of ClO4”

and SCN-, ion pairing interactions were explored.
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5.4.2 lon Pairs and Higher-Order lon Clusters
Graphs showing the distribution of lifetimes of SCN™and ClO, within the first coordination shell

of QA groups (Figure 5.7), indicate that ion pairing is present within the PSBMA brushes. Higher-
order ion clustering along with ion pockets were also observed for the brush in both studied salt

solutions (Figures 5.8, 5.9, 5.10 and 5.11).

The findings in this chapter suggest the strength of ion pairing with the QA groups in the PSBMA
brush increases from SCN™ to ClO4~. As demonstrated by the tendency for CIO4” anions to reside
in the first solvation shell of the QA groups for a longer period compared to the SCN™ anions
(Figure 5.7), combined with the preference of ClO;™ to form higher-order ion clusters (Figure 5.8)
and larger ion pockets (Figure 5.11). These results agree with several theories which predict the
strength of ion pairing with the QA groups in the PSBMA brush increases from SCN™ to ClO4™. The
LMWA theory®®*, for example, suggests that this is due to the ionic hydration of the anions
increases from ClO4~ to SCN™ and the ionic dispersion interaction theory** also agrees as the

polarisability of the anions increases from SCN™~ to ClO4".

According to the same theories, ion pairing would not be expected to be observed between the
negatively charged sulfonate groups positioned along the PSBMA chains and the common Na*
cations, present in 0.5 M NaClO, and NaSCN solutions. Although brief electrostatic interactions
may occur, according to LMWA®, ion pairs would not form because the Na* cations are
borderline kosmotropic whereas the sulfonate groups are known to be chaotropic. Graphs
shown in Figure 5.12 contradict these predictions. Evidence suggesting the presence of both ion

pairing and higher-order ion clustering has been observed (Figure 5.13) within the PSBMA brush
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systems between the sulfonate groups and Na* cations, albeit at a lower frequency to that seen
for specific-anion interactions. While this phenomenon could arise from the overestimation of
ion pairing by force fields (Section 3.4.2), it could also be related to the specific-anion
interactions discussed. Upon the formation of ion pairs and higher-order ion clusters of QA
groups with SCN™and ClO4™ anions, the sulfonate groups twist away from the newly formed QA-
anion pairing species, thus leaving them free to engage in other interactions. The increased
predominance of ion pairing species within the PSBMA chains with the CIO,~anions may explain

the increased interactions between sulfonate groups and Na* cations.

5.4.3 Influence of lon Pairs and Higher-Order lon Clusters
The presence of ion pairing interactions, both QA-anion and sulfonate- Na* interactions, within

the PSBMA brush may explain differences observed in hydration for PSBMA chains in NaClO4
and NaSCN solutions. To explore this, interactions between water molecules and the charged
groups on the zwitterionic units of the PSBMA brush, which, as has been discussed in the
introduction of this chapter, are known to influence conformational behaviour have been

examined.

Firstly, the amount of water molecules in the first solvation shell of the QA groups is reduced
(Figure 5.14) despite the overall increase in water throughout the PSBMA brush (Figure 5.5) in
both studied salt solutions. lon pairs and clusters are known to be hydrophobic and the higher
frequency of higher-order ion clusters in the presence of ClO,” anions may cause more
significantly dehydrated QA groups. This may be, in part, why PSBMA chains are less hydrated

and less swollen in the presence of NaClO, (Figures 5.3 and 5.5) compared to NaSCN solution.
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Figure 5.14 Plot of the radial distribution functions (RDFs) of the nitrogen of QA groups (Nqa) of
PSBMA chains with the oxygen of water molecules (Ow) in the presence of water (blue), 0.5 M

NaSCN (orange) and 0.5 M NaClO, (green) solution.

Secondly, the trends for the hydration of the PSBMA brush can be further explained by
examining the hydration of the sulfonate groups. Figure 5.15 shows plots of RDFs of the
sulfonate group (Ssufonate) With the oxygen of the water molecules (Ow). There is an increase in
the amount of water molecules within the first solvation shell of each sulfonate group of PSBMA
in NaSCN solution. This is somewhat counterintuitive as it would be expected that the system
with the most QA groups-anion interactions, explicitly the NaClO4 solution system (Figure 5.8),
to be most effective at breaking interchain/intrachain interactions, therefore, leaving the
sulfonate groups free to be hydrated. However, as evident by Figure 5.4, the
interchain/intrachain dipole-dipole cohesive interactions within the PZ brush were more

disrupted by the presence of NaSCN. Moreover, less sulfonate groups are involved in ion pairing
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and clustering with the Na* cations in the presence of NaSCN compared to NaClO, (Figure 5.14).
These findings may mean sulfonate groups, in NaSCN, are less sterically hindered and, therefore,
better able to interact with water molecules. Hence, enhanced hydration of sulfonate groups in

the presence of NaSCN solution is observed and leads to increased hydration of the PSBMA

chains (Figure 5.5).
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Figure 5.15 Plot of radial distribution functions (RDFs) of the sulfur of the sulfonate group (Ssulfonate)

of PSBMA chains with the oxygen of the water molecules (Ow) in the presence of water (blue), 0.5

M NaSCN (orange) and 0.5 M NaClO, (green) solution.

Finally, the conformation for PSBMA chains in NaClO, and NaSCN solutions is linked to the
presence of ion pairing interactions. The formation of ion pockets may prevent the PSBMA

chains from stretching fully as the chains bend to accommodate pockets the studied anions. The
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larger ion pockets formed with CIO4™ anions (Figure 5.11) means that this effect is greater in

NaClO4 solution.

5.4.4 Comparisons
Finally, the responsiveness of PMETAC (Chapter 3) and PSBMA brushes in NaClO, and NaSCN

solutions can be compared. Both brushes were observed to interact in a similar fashion with the
studied chaotropic anions. This is reflected in Figures 3.5 and 5.6, where a greater proportion of
ClO4 anions associate with QA groups present in both brushes compared to SCN™anions. The
interactions were observed to take the form of ion pairing (Figure 3.10 and 5.8) as had been
previously predicted by the LMWA,***® jon-dispersion theories* as well as previous research.>’~
% The term “ion pairing”, however, does not fully describe the specific-anion interactions
occurring within the PMETAC and PSBMA brushes. Higher-order ion clusters and ion pockets
have been observed. Higher-order ion clustering dominates for both brushes in the presence of
ClO4~ anions. Moreover, ClO,” were observed to form larger pockets with QA groups in PMETAC
and PSBMA brushes. These results suggest that ClOs~ anions may form stronger ion pairs with

QA groups of both studied brushes.

Despite similarities in specific-anion interactions reported in both PBs, the observed effect of
forming ion pairs, higher-order ion clusters and ion pockets is markedly different for PMETAC
and PSBMA brushes. The presence of the NaClO, and NaSCN induced a collapse within the
PMETAC brush (Figure 3.4), contrastingly, a swelling was reported for the PSBMA brush (Figure
5.3). This was expected and is an example of the well-known “anti-polyelectrolyte effect”. It has

also been observed that the presence of NaClO4 solution had a more pronounced effect on
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hydration and conformation of PMETAC (Figures 3.3, 3.4, 3.5, 3.8 and 3.12), whereas NaSCN had

a more significant influence over the PSBMA brush (Figures 5.2, 5.3, 5.4 and 5.5).

Changes in hydration and conformation of PMETAC and PSBMA brushes are linked to the
presence of ion pairs as well as the frequency and size of the higher-order ion clusters and ion
pockets. These pairing species induce the opposite behaviour within the two brushes. In both
PBs, for example, QA groups dehydrate (Figures 3.12 and 5.14) due to the formation of
hydrophobic ion pairs and clusters. While this seems to be one of the major driving factors
involved in the collapse of PMETAC, it may be less important within the PSBMA brush where the
disruption of interchain/intrachain interactions, as well as the increased hydration of the

sulfonate groups, seem to be more influential.

5.5 Conclusions
Specific-ion interactions within PZ brushes are rarely studied; despite the known influence of

kosmotropic and chaotropic ions on several important properties of these types of brushes like
their protein-resistance.*”?” Studies that do exist have placed great importance on the
formation and dissociation of ion pairs and have sought to link this to the responsiveness of
PSBMA brushes.” To the best of our knowledge, PSBMA brushes have never before been

investigated using atomistic MD simulations.

In this chapter, a fully atomistic description of PSBMA brushes has been achieved thus allowing
for the exploration of the local structures and lifetimes of ions within the brushes along with

macroscopic changes. It has been observed that the studied salt solutions, 0.5 M NaSCN and 0.5
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M NaClQg, induce a swollen conformation within the simulated PSBMA brushes. According to
previous investigations,”?® a more pronounced swelling of the PSBMA chains, or in other words,
a stronger specific-ion effect, may have been expected in the presence of NaSCN and NaClO,4

solutions. Longer simulations could be required to better reproduce experimental findings.

A larger increase in brush height and hydration of the PSBMA chains was observed in NaSCN
compared to NaClO, solution. These findings contradict the anionic order predicted by the
Hofmeister series as ClO4™ anions would typically be expected to have a stronger influence on
the conformational properties of PSBMA brushes and are generally reportedly to be more

chaotropic in nature.”®

The strength of ion pairing interactions within the simulated PSBMA brush, however, does seem
to follow the predicted order of the Hofmeister series, along with theories such as the LMWA
and ionic dispersion theories. More ion pairing interactions were observed in the presence of
ClO4 anions, higher-order ion clusters were more frequent and larger ion pockets were formed
between QA groups and ClO,” anions compared to SCN™anions. These findings seem to suggest
that ClO4 form stronger ion pairing interactions with QA groups along the grafted PSBMA chains
than SCN™anions. The hydration and conformational behaviour of PSBMA chains are influenced
by the presence and strength of ion pairing interactions, along with the frequency and size of

higher-order ion clusters and ion pockets.

Furthermore, interactions between sulfonate groups along the PSBMA chains and the studied

salt solutions were examined. It was observed that there were increased interactions between

107



the sulfonate groups and the Na* common counterions when the PSBMA brush was in NaClO,
solution. The sulfonate groups were consequently less able to interact with water in the

presence of NaClO,4 thus perhaps causing a reduction in the hydration of PSBMA chains.

As a result of unexpected ion pairing interactions between the sulfonate groups and the Na*
cations, it may be conducive to run MD simulations analysing the effects on ion pairing of
changing the cation of the studied electrolyte solutions. It must be noted, however, that Wang
et al.” found very little cation-dependency in his research. Cation-dependency within PZ brushes
should be further investigated and may prove to be important as the results, reported in this
chapter, indicate that cations present in added electrolyte solutions may play a role in

determining the conformation and hydration levels of the PSBMA brush.

The nature and conformations of ion pairing, higher-order ion clustering and ion pockets
elucidated thus far in this thesis, expands our understanding of specific-ion interactions between
PE and PZ brushes and chaotropic anions. Numerous avenues of research could now be
embarked on. For example, it could prove to be pertinent to examine the structure and dynamics
of water molecules around the ion pairing species. It is well-known that due to the number of
additional interactions, the structure and dynamics of water are modified in biological systems
(biological water)'*® and these changes significantly affect responses in the human body.14#15?
Parallels can be drawn between biological water and water contained within PBs. Future
investigations into the distribution and local arrangement of water molecules around ion pairs,
higher-order ion clusters and ion pockets could potentially provide additional information about

the changes within the structure of PBs in the presence of chaotropic anions.
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Furthermore, thus far, only electrolyte solutions containing strongly chaotropic anions have
been examined. However, both experimentally*®83%127 and computationally,>®® it is known that
kosmotropic anions influence conformation and hydration behaviours of these PBs by way of a
different mechanism. In the next chapter, initial investigations are undertaken to examine to

behaviour of SO4%~ anions with PMETAC brush models.
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CHAPTER 6: INTERACTIONS BETWEEN SULPHATE ANIONS AND
ATOMISTIC POLYELECTROLYTE BRUSH MODELS.

6.1 Introduction
The Hofmeister series ranks the relative influence of ions on the physical behaviour of a wide

variety of processes.3*>2 Within the series, ions are classified as either kosmotropes (structure-
making), or chaotropes (structure-breaking) (Figure 1.2).341%8152 Chaotropic and kosmotropic
ions have distinct effects on species in solution.>”-827,31,70148152-154 Th s far in this thesis, effects
of strongly chaotropic ions on polyzwitterionic (PZ) and polyelectrolyte (PE) brushes, have been
discussed and investigated. However, previous experimental studies have shown that the
addition of kosmotropic anions can also influence hydration levels and conformational

behaviour within PZ and PE brushes.>®727

Kou et al.® examined a PE brush, poly (2-(methacryloyloxy) ethyl trimethylammonium chloride)
(PMETAC) brush. PMETAC brushes were systematically studied in the presence of a range of
sodium salt solutions, some of which contained kosmotropic anions and others chaotropic
anions, using quartz crystal microbalance with dissipation (QCM-D) and spectroscopic
ellipsometry (SE). It was found that chaotropic anions induced a more pronounced collapse than
kosmotropic anions, as had been observed in previous research from Azzaroni et al.'* and Wei

et al.”®

Somewhat unexpectedly, however, an increase in ionic strength of highly kosmotropic Na;HPO4
solution and Na,SO, solution (from 1 mM to 500 mM) has been found to only minimally affect
hydration levels and conformational behaviour within the PMETAC brush.? Brush collapse would

have been expected to occur in the presence of any highly concentrated electrolyte solution due
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to the increased screening of chain charges and changes in osmotic pressure. It was later
suggested by Wanless et al. that the negligible effect on brush responsiveness, observed in the
presence of HPO,? and SO,%", could be due to the divalent nature of these anions. It is believed
that a bridging-type interaction between neighbouring chains could occur as the divalent anions
simultaneously interact with two quaternary ammonium (QA) groups. The brush would
consequently become cross-linked, as has been previously proposed in research by Wang et al.’
and Moya et al.™>® studying the behaviour of PDMA and PMETAC brushes, respectively, in the
presence of SO42 anions. This cross-linking of polymer chains within the PMETAC brush is

deemed to be responsible, in part, for the lack of variation in brush thickness and hydration

levels in the presence of differently concentrated Na;HPO,and Na,SO, solutions.®

The unresponsive nature of PMETAC brushes in Na;SO4 solutions was also observed in molecular
dynamics (MD) simulations performed by Santos et al..> No significant conformational changes
in the PMETAC brush were reported in the presence of kosmotropic SO4* anions (150 mM).
Swelling coefficients were used to report changes in the height of the brush, defined as the
maximum height of the brush in the studied solution divided by the maximum height of the
brush in its dry state (in cyclohexane solution). In water, the swelling coefficient was reported
as 2.1, whereas the swelling coefficient was approximately 2.0 in 0.15 M Na,SO4 solution.® The

change in conformation was minimal.

These results have been suggested to be caused by an absence of ion pairs formed between QA
groups along the PMETAC brush and SO.* anions.>® The Law of Matching Water Affinities
(LMWA)* (Figure 1.4) states that strongly hydrated, kosmotropic anions will not form ion pairs

with weakly hydrated, chaotropic QA groups of the PMETAC brush. Specific-ion interactions
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between the brush and kosmotropic anions were, instead, concluded to be dominated by the
ability of kosmotropic anions to engage in competition with QA groups for water molecules that
are situated within the PMETAC chains.® Graphs showing radial distribution function plots
indicated that Na,SOs4 anions interacted weakly with QA groups and strongly with the aqueous
solvent. These findings do not support the idea suggested by Wanless et al.® that SO, anions

enable bridging-type interactions between neighbouring PMETAC chains.

Within the same research by Santos et al.,> GROMOS-derived parameters were used to
represent components, including salt ions, contained within the studied PMETAC brush systems.
There have previously been reports, however, that salts containing divalent oxyanions can be
challenging to simulate using non-polarisable force fields such as GROMACS.*®® Very few MD
simulations of salts consisting of these anions have been performed,®>5%° but in those that do
exist and specifically for Na,SO4 solutions, a range of sulfate force fields have been examined
and excessive ion aggregation has been reported.>*%° Mason et al.*®” observed nanometre-
scale ion aggregates, in the form of dynamic wormlike chains and plates, from MD simulations
of aqueous guanidinium sulfate.’” Several tests were consequently carried out to determine
whether clustering might be a simulation artifact. However, aggregates were found not be due
to the periodicity of the system, the concentration of ions or an artifact of the chosen water
model.®” It became clear that the excessive aggregation of Na,SO, was due to the non-
polarisable atomistic parameters. Although Santos et al.’> did not report Na,SO, aggregation,
they did not observe a significant change in the height of the brush in Na,SO4 solution and also
found the GROMACS parameters failed to reproduce the experimental differences in behaviour

of the PMETAC brush in Na,SO,4 and NaCl, both kosmotropic salt solutions.
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Interactions between SO4* anions and PMETAC brushes evidently require further examination
to fully understand the molecular mechanism involved and their effects on conformational
brush behaviour. In this chapter, atomistic MD simulations have been used to study the
influence of highly concentrated electrolyte solution, 0.5 M Na,SO,, interacting with the two-
chain and eight-chain PMETAC brush models. Sodium was used as a common counterion within
the studied electrolyte solution to allow comparison with the effects of S042 anions and the
chaotropic ClO,~ and SCN™ anions (Chapter 3). According to the Hofmeister Series (Figure 1.2),
S04%" is one of the most kosmotropic anions. It is expected that the SO42" anions will not form
ion pairs with the QA groups within the PMETAC brush. The variation of brush height and
hydration properties with the studied salt solutions were examined and the appropriateness of

using non-polarisable force fields to represent Na,SO4 solutions is discussed.

6.2 Methods

6.2.1 System Description
Atomic coordinates for the initial configurations of the modelled two and eight polymer chains

each consisting of 100 monomers were built using the TopoTools plugin for Visual Molecular

)1 and in-house codes. Each chain was tethered so that the

Dynamics programme (VMD
distance between the grafting points was 3.162 nm, leading to a grafting density of 0.1 chains
nm2. Polymer chains were initially constructed as fully stretched rod-like chains perpendicular
to the surface (defined using LAMMPS® intrinsic functions) consisting of four layers of sulfur
atoms that remained fixed throughout the simulation. The Na*and SO4* salt ions were initially
placed 150 A above the PMETAC chains within the two-chain system. In the eight-chain PMETAC

brush system, however, Na* and SO,%" salt ions were initially placed approximately 20 A above

the PMETAC chains.
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A combination of two AMBER®® force fields, ff14SB* and the General Amber force field
(GAFF),*° were used to model the polymer chains, ions, thiol initiators and surface. These force
fields are often used in combination and have been used in the simulation of polymer!® and
protein systems.1%%1% The rigid three-site SPC/E model was used to explicitly represent water
molecules and was chosen because it is computationally inexpensive and widely used.''>1® The
atomic charges for the polymer chains and thiol initiators were calculated with the Hartree-Fock
self-consistent field theory and the 6-31G* basis as described in restrained electrostatic

potential (RESP) methodology.'3!

The polymer chains were orientated in the simulation box in such a way that the chains were
parallel to the y-axis and normal to the xz-plane. Periodic boundary conditions (PBCs) were set
in the x, y and z directions. Interactions between the top of the chains and the periodic image of
the surface in the y-direction were prevented because the simulation box was larger than the

fully stretched chains combined with the non-bonded interaction cut-off distance.

6.2.2 Simulation Details
Atomistic MD simulations were performed using LAMMPS.8 The Velocity Verlet algorithm?°®

was used with a time step of 2 fs to integrate Newton’s equations of motion. Initial velocities
were taken from a Maxwell distribution at 298 K and 1 atm. Energy minimisation, using the
conjugate gradient method, was performed for all the systems until a mean force of less than
1.0 x 107 kcal mol™ A-! was achieved. Equilibrium runs were performed on the two-chain PBs
in a canonical ensemble (NVT) at 500 K for 35 ns, before the system was cooled to 298 K and
simulated for 30 ns. The eight-chain PB systems were simulated for significantly less time, 4 ns
at 500 K, followed by 2 ns at the same temperature but with force added to Na*and S0O42” salt

ions to encourage interactions with the PMETAC chains. The additional forces were then
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removed, and the simulation ran for 25 ns at 500 K. The system was then cooled to 298 K and

simulated for an additional 6 ns.

Following equilibration, production runs were executed in the same conditions for 4 ns. The last
snapshot of the equilibration process was used as the initial configuration. In both the
equilibration and production steps the Noose-Hoover thermostat'®” was employed. The SHAKE

algorithm?32

was used to constrain the bond lengths and bond-bending angles of water
molecules. The cut-off for the interatomic potential is set at 11.0 A with long-range electrostatic
interactions between charged species handled using the particle—particle particle-mesh (pppm)

method!® with a root-mean accuracy of 1078, Analyses of the trajectories were performed by a

combination of LAMMPS®, MDAnalysis***** and in-house codes.

6.3 Results
The addition of 0.5 M Na,SO, solution caused no discernible change in the height of the PMETAC

brush (Appendix 7: Figure A.7.1). This contrasts with the collapse in brush conformation as
demonstrated by a significant decrease in brush height (Figures 3.4 and 4.2), while in the
presence of 0.5 M NaClO, and 0.5 M NaSCN solutions. The lack of a significant conformational
change in the PMETAC brush in the presence of SO4* anions, reported in this thesis, suggests
that the chosen atomistic parameters from the AMBER force fields range® may not be

accurately describing the behaviour of SO4* anions.

6.4 Discussion

6.4.1 Specific-lon Interactions
It has been discussed, throughout this thesis, that understanding the interactions between salt

ions and each PB system is essential to understanding the conformational behaviour and
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hydration levels within PBs. Figure 6.1 shows the final configuration of the two-chain PMETAC
brush system in 0.5 M Na,SO, solution. From this, it is clear that no Na* or SO4* ions have
diffused into the brush. Na;SO,4 anions have, instead, aggregated together at a considerable
distance (~ 100 A) away from the average maximum height of the PMETAC chains. Therefore,

no screening of QA groups is possible, and the chains remained fully hydrated.
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Figure 6.1 Configuration for the two-chain PMETAC brush in the presence of 0.5 M Na;SO4
solutions. PMETAC chains are shown in blue. CI~ are green. Na* are orange and SO,>" are

magenta. Water molecules are not displayed for clarity.

The same phenomenon was observed for the eight-chain PMETAC brush system. This was
despite modifying the starting positions of Na;SO4salt ions by initially placing them significantly

closer to the PMETAC chains and testing whether Na,SOsions could be forced into interacting
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with the PMETAC brush. Nevertheless, only two SO4%" anions diffused into the brush, the rest

are, again, involved in aggregation above the fully stretched PMETAC chains (Figure 6.2).

PMETAC chains

Cl-

Na*

Surface

0 0 00

SO,

Figure 6.2 Configuration of the eight-chain PMETAC system in the presence of 0.5 M Na,SOa.
PMETAC chains are shown in blue. CI~ are green. Na* are orange and SO4*” are magenta. Water

molecules are not displayed for clarity.

Na,SO, salt ions were observed to form a dynamic aggregate and, consequently, most SO4*°
anions (and Na* cations) are unavailable for interactions with the simulated PMETAC brushes.
For both the two-chain and eight-chain PMETAC brush systems, no significant change in brush

height was observed.
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6.4.2 NaxSO4 lon Aggregation Phenomenon
The results presented in this chapter show that excessive aggregation of Na,SO, ions occurred

within the simulated PMETAC brush systems, as discussed in Section 6.1 for previous studies

employing MD techniques.

To avoid the dynamic aggregation of Na,SO, ions observed in this chapter and in previous
studies, it may be fruitful to further alter the starting configurations used throughout this
chapter and initially place the ions in Na,SO4solutions throughout the brush (rather than above
the chains). Nevertheless, it is possible that aggregates may then form with QA groups along the
PMETAC chains. Alternatively, a fundamental alteration in the modelling of the Na,SO, solution
is required. It has been reported that unrealistic aggregation behaviour is not observed for
polarisable models of SO4?~ anions.’*®1%° |t is believed that this is due to the polarisation of the
first solvation shell of SO4?~ anions.’*®1° The anions are consequently stabilised and the contact
ion pairing leading to large aggregates tends to be supressed.®® By including electronic
polarisation effects, aggregation of Na,SO4 may be avoided and specific-ion interactions with
the PMETAC brushes may be explored. Including an explicit polarisation effect, however,
considerably increases the computational cost of the simulations. The computational cost of
building and running a PB system and subsequent simulation is already substantial, therefore,
the additional cost of polarisability effects may be unfeasible. A significant compromise in the
size of the simulated PB would be required. This thesis has suggested that finite size effects have
minimal influence on the brush systems so it may be possible to simulate one or two polymer
chains. To compensate for the extra computational cost, however, it may also be necessary to
reduce the length of the polymer chains which could affect the reproducibility of results

experimentally.
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6.5 Conclusions
This chapter has presented results generated from atomistic MD simulations performed on the

two-chain and eight-chain PMETAC brush in 0.5 M Na;SOs solution. The height of brush in the
presence of kosmotropic SO4*” anions was found to be unchanged from the height of the brush
in water. It was found that the Na,SO, ions were observed to aggregate above the polymer
chains in the form of one large dynamic ion cluster. Almost all, if not all, SO4*” anions and Na*
cations in the two-chain and eight-chain PMETAC brush systems are so strongly involved in
aggregation, they are unavailable to interact with the PMETAC chains. This lack of interactions
leads to no discernible change in the hydration and conformation properties of the PMETAC

chains.

It has been consequently concluded in this chapter that the parameters, from the ff14SB%® and
GAFF¥ parameter sets, while accurate for describing the properties of PMETAC brushes in the
chaotropic salt solutions presented in Chapters 3 and 4, may not be accurately describing the
behaviour of SO4% anions and their interactions with PMETAC brush systems. Previous
simulations using non-polarisable force fields have also reported excessive aggregation of salts
containing divalent oxyanions seen throughout this chapter.’®*%° The computational
investigation by Santos et al.> and discussed in Section 6.1, used non-polarisable force fields
from GROMOS parameter sets.'® Although they did not report the salt aggregation discussed in
this chapter, they did not observe a significant change in the height of the brush in Na,SO4
solution. Furthermore, they found that the parameters failed to reproduce the experimental
differences in the behaviour of the PMETAC brush in Na,SO4 and NaCl, both kosmotropic salt
solutions. To explore this, they examined effects on the conformation of the brush of assigning

different atom types within the GROMOS parameter set 54A7 to the sulfur and oxygen atoms in
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sulfate anions. No significant improvements were observed regarding reproducing experimental
results.> The behaviour of SO4* anions, therefore, would more than likely not be altered by

changing the atom types within the AMBER parameter sets within our study.

Results presented in this chapter indicate that more sophisticated models are required to
accurately describe the behaviour of SO4%" anions and their interactions with the studied PBs. It
has been previously reported that polarisable models do not tend to reproduce the unrealistic
aggregation behaviour for SO42” anions that has been observed throughout this chapter.'>%%
However, balancing the computational expense related to the explicit inclusion of polarisability

effects with an adequate amount of time for equilibration of brush dynamics is a necessary

consideration when performing atomistic simulations on PBs.

For future computational studies exploring the effects of kosmotropic anions on PBs, it may be
effective to first attempt simulating a different type of kosmotropic anion, such as the
monovalent acetate anion. Although significantly less kosmotropic than SO4*" anions, acetate
anions have been found to influence the behaviour of PMETAC brushes. In research undertaken
by Kou et al., & acetate anions were found to induce a collapse within the PMETAC brush to a
significantly lesser extent than monovalent chaotropic anions. Specific-ion interactions between
acetate anions and the studied PBs should be investigated first before further investigating

complex polarisable models for SO4* anions.

In future computational studies, including those using polarisable models to study sulfate anions

or those examining different kosmotropic ions within the PB models, it will be important to
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explore the structure and dynamics of water. Experimental research has suggested that specific-
ion interactions involving kosmotropic anions with PBs are due to competition with QA groups
for water molecules that are situated within the brushes. A robust method will be needed to
explore the hydrogen-bond network observed in the water contained in PBs. The importance of
the role of water in multiply charged ionic system has been highlighted in a standalone study
discussed in the next chapter. Conformational transitions have been reported for flexible
molecules with two charge centres at a distinct number of water molecules and investigated

systematically.
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CHAPTER 7: EFFECTS OF HYDRATION ON THE CONFORMATIONAL
BEHAVIOUR OF FLEXIBLE MOLECULES WITH TWO CHARGE
CENTRES

7.1 Introduction
This chapter is based on the paper, “Effects of Hydration on the Conformational Behaviour of

Flexible Molecules with Two Charge Centres” published in the Journal of Physical Chemistry A in
2020.° We examined alkyl-dicarboxylate di-anions, ["0,C(CH2)mCO;] (DCn) and alkyl-
diammonium di-cations [*H3N(CH;)mNHs*] (DAn), in which the two distinct charge centres are
separated by a hydrophobic, flexible alkyl (CH2)m chain, over a range of alkyl chain lengths (m).
Using global optimisation techniques, the conformational behaviour of these di-ions was
investigated in unhydrated, implicitly solvated, and explicitly solvated conditions (where the
number of water molecules modelled is defined as n).

The presence of ionic functional groups are critical for the hydration of large biomolecules.5%162
In proteins and peptides containing the 20 naturally occurring amino acids, there are only three
types of ionic group present: ammonium, guanidinium and carboxylate.!®® Investigations into
the extent of interactions between these ionic groups and water can give insight into the
behaviour of peptides and proteins.1®%16416> DC, and DA, can act as a simple model for

166

peptides.™ it is thought that some solvent-mediated folding processes could perhaps be better

understood by studying the stepwise hydration of these types of di-ions in the gas phase.6%166-

172

Before our paper was published in 2020, several theoretical’®®!’® and experimental
studies!’1172174177 had been undertaken to understand the interactions of both the DA,and DC,

with finite water clusters (H,0),. Hydrated DA, were methodically studied by Jahangiri et al.,*"3
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form=5-10and n =10 - 40, using molecular dynamics (MD) simulations. For small numbers of
water molecules, the two charged ends of the DA, were found to be hydrated by two separate,
small water clusters.'”® This is in agreement with the experimental results of Kebarle and co-
workers,”® who measured the stepwise binding energies of DA, for n =1 - 6. Jahangiri et al.}”3
found that, as nis increased, a conformational transition occurs wherein the DA, folds and both
charged ends of the molecule are hydrated by a single, larger water cluster. Demireva et al.’*
also observed this conformational transition using infrared photodissociation experiments with
DA7(H20)<12. The number of water molecules at which the “unfolded-to-folded” conformational
transition occurs is the critical hydration number (n*). As the alkyl chain length of DA, increases,
n* was found to increase, with more water molecules required to form a water bridge between

the terminal ionic groups.t’?

This phenomenon has also been observed experimentally and computationally for micro-
solvated DC,(H20), molecules, where m =6 and n =1 - 20, by Yang et al..?®® They found, using a
combination of photoelectron spectroscopy and MD simulations, that each water molecule adds
to alternate ends of the linear DCs di-anion. At n = 16, the conformational transition from
unfolded-to-folded occurs. The two negatively charged ends are screened and brought closer
together via a water bridge, while the increased number of hydrogen bonds overcomes the
Coulombic repulsion present between the two charge centres.’®® This leads to the flexible
backbone adopting a bent configuration with both carboxylate groups embedded within a single

water cluster.

This chapter reports and discusses the systematic study that was undertaken to investigate the
evolution of the conformational and energetic behaviour of DA, and DC,, with flexible

backbones consisting of 3 - 11 methylene units, as they undergo stepwise hydration. We
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examined DA, and DC,, over a larger range of alkyl chain lengths (m) than has been previously
reported and determined, for the first time in many cases, their respective critical hydration
numbers (n*). n* is defined, in this study, as the number of water molecules present when the
folded conformation is first observed as the putative global minimum (GM). Furthermore, this
study demonstrated the suitability of the basin-hopping (BH) Monte Carlo algorithm?!?217° for

examining the hydration of flexible, multi-charged systems.

7.2 Methodology

7.2.1 Methods
DA, and DC,, molecules, with alkyl chain lengths m = 3 - 11, were modelled using the standard

parameters found in the ff99SB atomistic force field,?*% within the AMBER simulation
package.?® ff99SB is a computationally inexpensive force field which has a proven track
record.?'% However, to verify the suitability of the AMBER force field, we confirmed that the
minima determined using ff99SB corresponded to minima on the density functional theory (DFT)
landscape by performing local minimisations using the B3LYP xc functional with the aug-cc-pVDZ

basis set,’®as implemented with the Gaussian09 package.'®!

Water clusters, (H20),, for n =1 - 25, were modelled using the TIP4P rigid body potential,®
which was chosen because of its computational efficiency. Furthermore, TIP4P water clusters

have been studied extensively,1%:182-186

with good putative GM determined up for up to 36 water
molecules.!® 8 The H-O-H bond angle was fixed at 104.52° and the H-O bond lengths were fixed
at 0.9572 A. The lone pair on the oxygen atom, was fixed at 0.15 A from the O atom, along the
H-O-H bond angle bisector, acted as a pseudoatom and the site of the oxygen’s charge.!1%11?

Potential parameters are shown in Table 7.1. Implicitly solvated di-ions were modelled using

the continuum electrostatic Born hydration model'®” (external dielectric constant = 80.4 f m™),
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which uses a pairwise de-screening approximation, as implemented in the SANDER simulation

package.%%’

Table 7.1 TIP4P water parameters

Molecule Site € / kcal mol™ o /A q/e

TIP4P H,0 ) 0.648 3.2 0
Lone pair 0 0 -1.04
H 0 0 0.52

For each Dm(H,0), (where D, stands for DC, or DA,) system, low energy structures were
generated from a short BH run (10,000 steps). The 10 lowest energy, unique structures were
used as the starting point for ten longer BH runs (100,000 steps), to find the putative GM. In this
investigation, the Monte Carlo geometry perturbations were carried out in blocks of 100 moves
of the same type. Three move classes were used: rotations, translations, and short, high
temperature MD runs. During the rotation moves, all molecular fragments within the cluster are
rotated by a random angle between * rt radians. For the translation moves, a random molecule
has a random displacement applied to it relative to the rest of the cluster. 1000 steps were used

in the MD simulations and were run at 1000 K with a time step interval of 0.001 ps.
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7.2.2 Methods for Data Analysis

Analyses of the systems were performed with cpptraj!®®

and in-house codes. The total
conformational energy, including intra-molecular and inter-molecular interactions, of the
hydrated di-ion Dn(H20), with an alkyl chain length of m and n water molecules, is defined as

E(m, n). The hydration energy (Enya(m, n)) for D»(H20), is calculated using equation 7.1:

Ehya(m, n) =E(m, n) — (E(frozen D,,) + E(frozen HZOn)) (7.1)

where E(frozen Dp,) is the energy of the isolated di-ion, with its conformation fixed (frozen) to
that in the Dy(H20), complex, and E(frozen (H;0),) is the total energy of the water cluster(s),

with the same conformation as in the Dy,(H20), complex.

The second difference in energy (42(m, n)) for Dm(H20),, is calculated using equation 7.2:

A,(m, n) =2E(m,n) — (E(m — 1,n) + E(m+1,n)) (7.2)

where a more positive value of A,(m, n) indicates a less stable conformation. Boltzmann

weightings are applied to various properties according to the formula:

_ ZeAUiB Xi
= —2 eAUiB (7.3)

=]

where = 1/ksT and the difference between the putative GM and the energy of the minimum,
i, is denoted by AU;. The weighted mean is taken over all structural isomers of unique energy

found in all basin-hopping runs for each size of system. A theoretical temperature of T =300 K
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was used to maintain consistency with our previous computational studies and provide an

insight into behaviour at approximate ambient temperature.

The DC, series, where m = 3 - 11, were investigated in unhydrated conditions using DFT
calculations to clarify certain results generated in unhydrated conditions using the basin-
hopping technique. The conformational energy of each di-anion was calculated using the B3LYP

xc functional with the aug-cc-pVDZ basis set,'® implemented within the Gaussian09 package.!®!

7.3 Results
7.3.1 Unhydrated Di-ions

Alkyl-diammonium Di-cations
A plot of the conformational energies, as a function of carbon chain length, for unhydrated DA,

for m =3 —11 is shown in Appendix 8: Figure A.8.1. The unhydrated DA, series were found to
all have positive conformational energies due to Coulombic repulsive forces between the two
charged ends. The smallest di-cation (m = 3) has the highest positive energy value; the two
ammonium charge centres are closer together and, therefore, experience the strongest,
destabilising Coulombic repulsions. As the alkyl chain length increases, the conformational
energy decreases and becomes less positive. The Coulombic repulsive forces become less
dominant, as there is greater separation between the charged ends. The putative GM
conformations of DA, were observed to be linear, with all C-C-C-C dihedral angles in the trans
configuration. The two ionic groups are, therefore, the maximum distance apart, thus fully

reducing the Coulombic repulsive forces.
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Alkyl-dicarboxylate Di-anions
All putative GM structures were found to be linear with positive conformational energies which

decrease as the alkyl chain length increases (Figure 7.1a). For the DC,, series, an even number of
carbons in the alkyl chain results in a more stable conformation as shown in Figure 7.1b. This
effect has been previously reported in the literature for DC,, and was attributed to a twist in the
conformations of DC,, when m was odd.?**! However, in our study no twist in the alkyl chains
was observed in the putative GMs. The odd-even effect can be attributed to the energy
contribution from electrostatic forces (Appendix 9: Figure A.9.1) and is also observed in results

generated from DFT calculations (Appendix 10: Figure A.10.1).
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Figure 7.1 a) A plot of the conformational energies, as a function of carbon chain length, for
unhydrated DC,, for m = 3 - 11. b) A plot of second difference for the conformational energies of

unhydrated DCy, for m=4-10.
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7.3.2 Explicitly Hydrated Di-ions

Alkyl-diammonium di-cations
A series of DA, for m = 3 — 11, in water clusters of n = 1 - 25, were investigated and their n*

values are listed in Table 2. As m increases, n* also increases. For all the di-cations studied, a
single value for n* was determined, with the exception of m = 3. The values for m =5 - 10 have
been compared with those found experimentally!? and computationally, * which are listed in
Table 7.2, and are found to be lower. The differences in n* values between this study and

previous investigation are addressed in the Discussion section of this Chapter.

Table 7.2 Values of the critical hydration number as a function of alkyl chain length for DA.

m n* (this work) n* (literature)

3 9-11

a4 11

5 11 17 (ref 173)

6 13 19 (ref 173)

7 14 20 (ref 173), 21 - 23 (ref 172)

8 16 27 -29 (ref 173), 24 - 26 (ref 172)
9 18 27 - 29 (ref 173)

10 22 27 - 29 (ref 173), 27 - 29 (ref 172)
11 22
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A detailed hydration study of DAs was undertaken to fully explain the conformational behaviour
illustrated in Figure 7.2. The conformational energies of DAs(H20): - 12 decrease linearly with
increasing n, as the added water molecules stabilise the charged ammonium terminal groups
(Figure 7.3a). In the range n = 1 - 10, sequential hydration occurs as seen in previous
investigations.?’>'* Two small water clusters hydrate each ammonium end, with hydrogen
bonds forming between the oxygen atom of water and the hydrogen atom of the ammonium
group. When n < 10, for even values of n the system is symmetrical because the water molecules
add to alternate charged ends: and a relatively more stable conformation is observed as seen in
Figure 3b. The conformation of DAs(H,0): - 10 is linear with an average distance between the
terminal ammonium groups, Ry, of ~ 7.66 A (Appendix 11: Table A.11.1). The hydrophobic alkyl

chain is left unhydrated.

g . )
M m -
+H20 ‘ ﬂ\ ’ /".' ~’h +H20 " “.‘ ~ ; &.-‘

. \ < \" WV \
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Figure 7.2 Putative GM structures of DAs(H,0), for n =6, 11 and 20 (from left to right) in which the
positions of the oxygen (red), nitrogen (blue), carbon (grey) and hydrogen (white) atoms are
indicated. Representations of the hydrogen bonds have been added as dashed lines, to better

demonstrate the water network present in each system.
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As the water cluster size is increased to n = 11, the two smaller water clusters merge together
and DAs folds slightly (Rnn = 5.73 A). The hydrophobic alkyl chain bends out of the cluster to
avoid hydration, while the two charged ends are both hydrated in the larger single cluster. For
n>11, the single water cluster is positioned around one of the ammonium ends with no bridging
water molecules. Instead, the molecules tend to form water bridges (a water molecule is
hydrogen bonded to one ammonium group and to another water molecule which is, in turn,
hydrogen bonded to the other ammonium group). The di-cation becomes fully folded by 20
water molecules in the cluster (Figure 7.2) with an Ru value of 5.36 A (Appendix 11: Table

A.11.1).
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Figure 7.3 a) A plot of the conformational energies as a function of the number of water molecules
for DA(H20),withm=5and n=1-12. b) A plot of second difference for the conformational energies

of DAm(H20), withm=5and n=2-11.
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Alkyl-dicarboxylate Di-anions
The variation of conformational energies with increasing alkyl chain length follows the same

general trend for the DCp, series in water clusters (n = 1 - 12) (plots supporting this statement
can be found in the paper’s® Supporting Information, Figures S24-S35) as previously seen for
unhydrated conditions (Figure 7.1). The conformational energies decrease as the alkyl chain
length increases and an even number of carbon atoms in the hydrophobic chain results in a more
stable conformation for m < 9. As water molecules were added to each DC,, there was a
decrease in the conformational energies due to the extra stabilisation afforded by the
interaction between the added water molecules with the carboxyl groups (plots supporting this

statement can be found in the paper’s® Supporting Information, Figures S24-535).
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Table 7.3 Values of the critical hydration number corresponding with respective alkyl chain

length for DCp,.

m n* (this work) n* (literature)

3 6

1 9 13 (ref 176)

5 11

6 12 16 (ref 166), 18 - 19 (ref
176)

7 12

8 14 18-19 (ref 176)

9 15

10 15

11 19

As shown in Table 7.3, the n* values for hydrated DC,, increase with increasing chain length (m).
The values at m = 4, 6 and 8 can be compared to those found experimentally,%®176 and are all

found to be lower.
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Form=5and n=1-12, the conformational energy decreases with increasing water cluster size
(Figure 7.4a). As the first ten water molecules (n = 1 - 10) are added, the conformation remains
linear and the average distance between the carbon of the carboxylate groups, Rcc, is the
maximum distance apart (Rcc ~ 7.65 A), to minimise Coulombic repulsive forces. The terminal
carboxylate groups are distinctly solvated by two small water clusters. It is observed that for
even numbers of water molecules, the two small water clusters were of equal size due to
alternating addition to each charged end and the added stability of the symmetrical hydrogen
bond network in the two terminal water clusters (Figure 4b). This alternating addition of water

molecules to each charge centre for a DC(H20), system was also observed by Yang et al.**®
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Figure 7.4 a) A plot of the conformational energies as a function of the number of water molecules
for DC»(H20),withm=5and n=1-12. b) A plot of the second difference graph for the conformational

energies of hydrated DC,(H.0),withm=5andn=2-11.

A conformational transition occurs when n = 11 (Figure 7.5). The two previously separate water
clusters merge and DCs folds in such a way that the two charged ends are hydrated by the

resulting water cluster. The increased Coulombic repulsion between the two charged ends (Rcc
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value of ~ 4.86 A) that occurs in the folded conformation is compensated for by the additional
hydrogen bonds formed in the larger water cluster.'%*1%® The DCs is fully folded when n = 20
(Figure 7.5) with Rcc ~ 4.63 A (Appendix 11: Table A.11.2). The water molecules form a strongly
bound and extensive cage around the charged ends with the hydrophobic alkyl chain folded

outside of the water cluster.

v
Figure 7.5 Putative GM structures of DCs(H,0), for n = 6, 11 and 20 (left to right) in which the
positions of the oxygen (red), carbon (grey) and hydrogen (white) atoms are indicated.

Representations of the hydrogen bonds have been added as dashed lines, to better demonstrate

the water network present in each system.

The hydration energies were calculated for DCs(H;0): - 12 and are shown in Figure 7.6. The
hydration energies steadily decrease as each water molecule is added. There is a discontinuous
drop in the hydration energy when the critical hydration number (n* = 11) is reached, which is
suggestive of a conformational transition taking place. This additional stability is also found for
DCr where m =3, 4, 6 and 7 at their respective n* value (plots supporting this statement can be

found in the paper’s™ Supporting Information, Figures S16 - S23).
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Figure 7.6 a) A plot of the hydration energies as a function of the number of water molecules
present for DCy(H20), with m =5 and n =1 - 12. b) A plot of the hydration energies per water
molecule for DCpn(H,0), with m =5 and n =1 - 12. c) A plot of second difference of the hydration

energies of DCy(H,0),withm=5andn=2-11.
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7.3.3 Implicitly Solvated Di-ions

Alkyl-diammonium Di-cations
In implicitly solvated conditions, the conformational energies were all found to be negative due

to the stabilisation of the DA, by the simulated solvated conditions (Appendix 12: Figure A.12.1).
As the alkyl chain length increases, the conformational energies become less negative. As each
successive methylene group is added to the alkyl chain, the hydrophobic interactions with the
solvent increases which causes a destabilisation of the DA,,. The putative GM structures are all

linear to minimise Coulombic repulsive forces between the two ammonium ends.

Alkyl-dicarboxylate Di-anions
The conformational energy becomes less negative as the alkyl chain length increases (Appendix

12: Figure A.12.2a). This is, again, due to the increase of hydrophobic interactions with the
simulated solvent as methylene groups are added to the backbone. An even number of carbons
in the alkyl chain results in a more stable conformation (Appendix 12: Figure A.12.2b). The effect
is larger than that seen in unhydrated conditions and is dominated by the contribution from

electrostatic interactions Appendix 12: Figure A.12.3).

7.4 Discussion
The n* values reported here for DA, and DC,,, for m =3 - 11 (Tables 7.2 and 7.3) were all found

to be lower than those reported by previous investigations.16®172173176 The difference in n*
values, between this work and these previous studies, is most likely due to the difference in
temperature at which they were determined; this was 0 K in this study but 70 K, or higher, for
the others. As a consequence, the effects of entropy are not taken into account in the

calculations in this study, which is expected to lead to an increase in n*.1%® The entropy of the
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unfolded configurations would therefore, be expected to be greater than that of the folded di-

ions due increased transitional and rotational entropy contributions.

The average distances between terminal groups, Run for DA, and Rec for DCp, on either side of
n*, are plotted in Figure 7.7. The conformational transition can be observed by the respective
colour changes, as n increases. A single transition, and hence value for n*, is observed for all di-
ions studied (Tables 7.2 and 7.3), except DAs, where there is more than one transition between
linear and folded conformations. This uncertainty in n*, which led to us reporting a range of n*
values in Table 7.2, could be the result of the small differences in energy between linear and

folded conformations at low values of m.

Figure 7.7 clearly illustrates that, as the alkyl chain length increases (m), n* increases for both
DA, and DCp,. This is a result of the need for larger water clusters to bridge the charged ends of
the larger di-ions and has been observed previously.'’® It can also be seen that DC,, generally
exhibit lower n* values, than DA, and adopt a much more folded conformation, indicated by
smaller Rcc values, compared to the corresponding Ryn values (Appendix 11: Tables A.11.1 and

A.10.2).

Consequently, the alkyl backbone in the folded conformation of the di-anions is, therefore, more
strained than the comparable DA, (Figures 7.2 and 7.5). It is believed that these differences in

structure are due to the additional stability of the DC,.
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Figure 7.7 a) A plot of the average distance between the nitrogen atoms (Rnn) of the terminal
ammonium groups for selected DA(H,0), as a function of alkyl chain length (m) and the number
of water molecules added (n). b) A plot of the average distance between the carbon atoms (Rcc) of
the terminal carboxylate groups for selected DC,(H.0), as a function of alkyl chain length (m) and
the number of water molecules added (n). The values of average distance between the terminal

groups for the conformations can be found in Appendix 11: Table A.11.1 and Table A.11.2.
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This additional stability of the DCy, indicated by the more negative conformational energies in
all conditions considered, is due to the negative charge being more delocalised over the
carboxylate units. Furthermore, a higher number of hydrogen bonds is observed for DCs
compared with DAs (Figure 7.8). This is, in part, because of the increased number of solute-
solvent interactions in the DCs systems, where each oxygen atom, in the carboxylate groups, can
form hydrogen bonds to more than one water molecule (Figure 7.5). Comparatively, each
hydrogen atom of the ammonium group, in the DAs systems, can only form a single hydrogen
bond (Figure 7.2). These factors are thought to aid the stabilisation of DCs, and therefore other

DC, systems.

25

- DC5(H20)n
20H - DA5(H20)H _

15 .

10

Number of Hydrogen Bonds

Figure 7.8 a) A plot of the average number of hydrogen bonds detected in the DCs(H,0), and

DAs(H,0), systems as a function of the number of water molecules, n=1 - 12.

Lastly, differences are observed in the structure of the water clusters surrounding DA, and DC,

(Figure 7.2 and 7.5). It was observed that the water clusters formed pentagons in hydrated DA,
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but cubes were observed for DC,,(H>0),, albeit in somewhat distorted forms. Although the shape
of the water networks generated in this study have similar structural motifs to those previously
observed in small, pure water clusters (pentagons and cubes),?>*? it appears that, in this study,
the selection of the structure of the water network, is influenced by the shape of the charged

terminal group and solute-solvent interactions.

7.5 Conclusions
Basin-hopping was used, for the first time, to systematically investigate the behaviour of DA,

and DCy, for a series of alkyl chain lengths in differently solvated conditions. Each series is found
to follow similar conformational and energetic trends, which can be explained by considering
inter- and intra-molecular interactions. For the DC,, series in unhydrated, implicitly solvated and
explicitly solvated conditions, an even number of carbons in the alkyl chain is found to exhibit a
more stable conformation. The origin of this effect was identified to be primarily due to

electrostatic contributions. DFT calculations support the existence of the odd-even effect.

For every di-ion investigated, a linear to folded conformational transition is observed at a critical
hydration number, n*, resulting from a change in the hydration of the two charge centres. It is
found that the n* value is specific to each di-ion and is identified, for the first time, in the case
of m=3,4 and 11 for DA, and m=3,5, 7,9, 10 and 11 for DC,,. The differences between n*
values discovered in this study compared to those found previously, demonstrates the universal
importance of entropy in deciding the critical hydration number for all the systems considered.
Finally, this study demonstrates the suitability of the BH Monte Carlo algorithm!?27° for studying

the hydration of flexible, multi-charged systems.
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CHAPTER 8: CONCLUSIONS

8.1 Conclusions and Future Work
The goal of this project was to investigate the hydration and conformational behaviour of

polymer brushes (PBs) in different types of electrolyte solutions. Specific-ion effects of PBs are

11-14,16-18

of particular interest to many industries, such as biomedical industries,*>?” that employ

these types of polymer materials. Changes in the properties of PBs, in the presence of ions, have
major implications for current and potential applications. Previous experimental studies>%3°
have suggested that changes in hydration and conformation of PBs are linked to ion pairs
forming between ions and functional groups along the polymer chains. Due to the complexity of
PBs, it is challenging to gather further information regarding ion pairs using experimental
methods.*® In this thesis, atomistic MD simulations were employed to investigate the dynamics
and local structure of ion pairing interactions within a strong polyelectrolyte (PE) brush (PMETAC

brush) and a polyzwitterionic (PZ) brush (PSBMA brush) in the presence of 0.5 M NaSCN, 0.5 M

NaClO4 and 0.5 M Na,SO, solutions.

Properties, such as grafting density,>>!?° were taken into consideration during the construction
of atomistic PB models. The need to explicitly represent water molecules and numerous long
chain polymers was balanced with limitations on computational simulation time. Two differently
sized PMETAC brush models were studied. Results from the two-chain and eight-chain PMETAC
brush systems were similar in terms of their conformation and hydration. It has been shown that
the properties reported on, specifically the hydration and conformation of the PMETAC brush,
as well as specific-ion interactions, were not affected by the expansion of the brush model from
two-chain to eight-chains. Thus, no system-size dependencies were observed and consequently,
finite size effects could be concluded to have minimal importance on the properties investigated

in this thesis. It must be noted that by increasing the number of atoms in the PMETAC system,
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the computational workload was increased substantially. These eight-chain simulations required
significantly more processing time than the two-chain PMETAC system. For researchers using
MD simulations to examine PBs, the importance of having access to GPUs should not be
underestimated. As the findings for the eight-chain PMETAC system (Chapter 4) were in good
agreement with those for the two-chain system (Chapter 3), as well as previous investigations,
it was decided that further simulations and analysis would be carried out on PB models

containing only two polymer chains.

For the simulated two-chain PMETAC brush model, it was observed that NaSCN and NaClO4
solutions induced a less swollen conformation compared to when the brush was in water. A
more pronounced decrease in brush height and dehydration of the PMETAC chains was
observed in NaClO4compared to NaSCN solution, thus following the expected order predicted
by the Hofmeister series. These observations were in good agreement with previous
experimental>®3® investigations thus showing that the chosen atomic parameters (AMBER force
fields:*° ff14SB% and General Amber force field (GAFF)° parameter sets) captured the specific-
ion behaviour of PMETAC brushes in the presence of highly concentrated chaotropic anions,

ClO4 and SCN".

It had been predicted by Collins’s law of matching water affinities (LMWA),%*>% jon dispersion
theory*? and previous studies*®#3%127 that jon pairs would form between chaotropic quaternary
ammonium (QA) groups along the PMETAC chains and the chaotropic ClO, and SCN™ anions. By
examining the lifetime distributions of ClO,”and SCN™ anions residing in the first solvation shell
of QA groups, we have verified, that ion pairs form between QA groups and ClO4 and SCN~
anions. Conformations involved in ion pairing interactions were further analysed. It became

clear that the term, “ion pairing” discussed in previous research,%®%3%127 was an
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oversimplification of specific-ion interactions occurring within the PMETAC brush. Multiple ClO4~
and SCN~anions were found to be “paired” simultaneously to QA groups, consequently forming
higher-order clusters. lon pockets were also observed wherein multiple QA groups were

simultaneously paired to one of the studied chaotropic anions.

The PSBMA brush was observed to interact in a similar fashion to the PMETAC brush with the
ClO4~ and SCN™ anions. lon pairs, higher-order ion clusters and ion pockets were observed to
form between QA groups of the PSBMA chains and the CIO,~and SCN™anions. Despite similarities
in specific-anion interactions reported in both PMETAC and PSBMA, the observed effect of
forming ion pairs, clusters, and pockets, on hydration and conformational properties is markedly
different for the two types of studied PBs. While the presence of NaClO, and NaSCN solutions
induced a collapse within the PMETAC chains, a swelling was observed for the PSBMA brush, in
an example of the well-known “anti-polyelectrolyte effect”. Furthermore, NaClO, had a more
pronounced effect on hydration and conformation of the PMETAC chains, but NaSCN had a more

significant influence over the PSBMA brush.

For PMETAC and PSBMA, it was found that changes in hydration and conformation of the
brushes can be linked to the presence of ion pairs as well as the frequency and size of higher-
order ion clusters and ion pockets. CIO,~ were observed to form larger pockets with QA groups
on the PMETAC and PSBMA chains. A consequence of this is the bending of the chains to better
accommodate the ClO4s™ anions. The monomers along the polymer chains rearrange themselves
to situate the pendant QA groups into the optimal position for forming ion pockets. The
formation of ion pockets therefore influences the conformation of the chains. Furthermore, ion

pockets, along with ion pairs and higher-order ion clusters, have been shown to influence the
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hydrophobicity of the chains therefore influencing the hydration of the PMETAC and PSBMA
chains. These observations seem to be the main driving factors involved in the collapse of the
PMETAC brush. The disruption of interchain/intrachain interactions, as well as the increased

hydration of the sulfonate group are, however, more influential for the PSBMA brush.

To explore the proposed ion pairing interactions, future studies could attempt to experimentally
elucidate the conformation of ion pairing, clustering, and ion pockets. It would perhaps be
possible to take inspiration from studies investigating ion pockets within peptides.'®?"1% Further
computational research could be undertaken; the suitability of using machine learning
potentials for the PB systems could be assessed'*® or the possibility of using MD simulations

employing polarisable force fields could be explored for PMETAC and PSBMA chains.'3*

Polarisable force fields may be necessary when simulating the strongly kosmotropic anion, SO4*".
It was shown in Chapter 6 that the chosen atomistic parameters,®1%° while accurate for the
studied PBs with the chaotropic anions, do not seem to appropriately describe specific-
interactions involving SO4%™ anions. Almost all, if not all, of SO42 anions and Na* cations in the
two-chain and eight-chain PMETAC brush systems aggregated above the polymer chains. The
ions are so strongly involved in dynamic aggregation, they are unavailable to interact with the
PBs. This lack of interactions led to no discernible change in the hydration and conformation
properties of PMETAC. Previous simulations using non-polarisable force fields have also
reported the excessive aggregation of salts containing divalent oxyanions.'>®™**® Polarisable
156,160

models do not tend to reproduce the unrealistic aggregation behaviour for SO42" anions.

Nevertheless, balancing the computational expense related to the explicit inclusion of
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polarisability effects with the adequate sampling of temporal-spatial scales for brush dynamics

is a necessary consideration when performing atomistic simulations on PBs.

Future computational research could examine the local structure of water surrounding the ion
pairs and clusters, thus providing additional information on the conformational transition of PBs
and furthering our understanding of the specific-ion effect. It is known that the properties of
water are significantly altered in biological systems thanks to a significant number of additional
interactions.'* This is vital as the structure and dynamics of “biological water” are known to be
important for responses in the human body.*®’ Parallels can be drawn between biological water
and the water within the studied PBs. Atomistic MD simulations would be appropriate to employ
to explore the extended hydrogen-bond network normally observed in bulk water, but which

would be lost for the water contained in PBs.

The importance of the role of water in charged systems was demonstrated in a separate study
discussed in Chapter 7. Basin-hopping was used, for the first time, to systematically investigate
the behaviour of DA, and DC, for a series of alkyl chain lengths in differently hydrated
conditions. For every di-ion investigated, a linear to folded conformational transition is observed
at a distinct number of water molecules, termed as the critical hydration number, n*. This work
provides valuable information on how the hydration of ammonium and carboxylate ions

influence larger biomolecules’ conformations.

To conclude, although MD techniques have been previously used to examine the behaviour of
PBs, these studies have tended to employ approximations, such as coarse-grained models and

implicit solvent representations, as well as only exploring macroscopic variations within
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simulated PBs. Contrastingly, a fully atomistic description of PBs has been achieved within this
thesis and the analysis has focused on investigating the local structure and lifetimes of ions
within the brushes. This approach has allowed us to better understand how the presence of ion
pairs influence macroscopic behaviours observed for PBs along with concluding that it may be
necessary to take a closer look at “ion pairing” between ions and different types of PBs. The
presence of higher-order ion clusters and ion pockets have been shown to be intrinsically linked
to the conformation and hydration of PMETAC and PSBMA brushes. Future investigations, both
theoretical and experimental, perhaps should focus on validating and providing further insight

into the conformation of higher-order ion clusters presented in Chapters 3, 4 and 5.
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APPENDICES

Appendix 1: Molecular Dynamics Simulation Performance Discussion
The PB models simulated in Chapters 3, 4, 5 and 6 consist of between approximately 50,000 and

300,000 atoms. Consequently, particularly for the systems on the larger end of that scale,
performing runs with simulation times close to experimentally relevant ones was somewhat of
a challenge. This led to the need to optimise simulation performance as much as possible. For
example, minimising the number of solvent molecules within each system, and increasing the

temperature, from 298 K to 500 K, for the equilibrium runs.

A breakthrough for improving the performance of MD simulations of PB systems in this thesis,
was gaining access to the graphical processing units (GPUs) provided by The University of
Birmingham’s  BlueBEAR  High-Performance = Computing  service (see  http://
www.birmingham.ac.uk/bear for more details). GPUs represent a major technical improvement
for atomistic MD simulations. Originally, GPUs were designed to handle computer graphics.
Whereas recently, they have developed into fully programmable, high-performance processors.
LAMMPS is compatible for use with GPUs. The time taken for the simulations to run was

dramatically reduced as can be seen in Figure A.1.1 for the eight-chain PMETAC system.
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Figure A.1.1 Plot of simulation time as a function of the amount of time taken for the
simulation to run. The plot is of the eight-chain PMETAC system discussed extensively in

Chapter 5. The point at which GPUs were introduced is marked on the plot.
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Appendix 2: Graphs of the Time Evolution of Maximum Height of Brush for
Polymer Brush Simulations in Studied Solutions.
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Figure A.2.1 Time evolution of maximum height of brush for PMETAC (two-chain model)
simulations in different salt solutions. PMETAC in water (blue), PMETAC in aqueous solution

of 0.5 M sodium thiocyanate (orange), PMETAC in 0.5 M sodium sulfate (pink) and PMETAC

in 0.5 M sodium perchlorate (green).
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Figure A.2.2 Time evolution of maximum height of brush for PMETAC (eight-chain model)
simulations in different salt solutions. PMETAC in water (blue), PMETAC in aqueous solution

of 0.5 M sodium thiocyanate (orange), PMETAC in 0.5 M sodium sulfate (pink) and PMETAC

in 0.5 M sodium perchlorate (green).
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Figure A.2.3 Time evolution of maximum height of brush for PSBMA (two-chain model)
simulations in different salt solutions. PSBMA in water (blue), PSBMA in aqueous solution of

0.5 M sodium thiocyanate (orange), PSBMA in 0.5 M sodium sulfate (pink) and PSBMA in 0.5

M sodium perchlorate (green).
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Appendix 3: Additional Lifetime Distribution Graphs of Chloride Counterions in
the Two-Chain PMETAC Brush Systems.
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Figure A.3.1 Plot of the normalised distribution of lifetimes for the CI~ counterions within
8.15 A of the nitrogen atoms of the QA groups (Naa) along the PMETAC chains (two-chain

model) in 0.5 M NaSCN solution.
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Figure A.3.2 Plot of the normalised distribution of lifetimes for the Cl~ counterions within
8.15 A of the nitrogen atoms of the QA groups (Nqa) along the PMETAC chains (two-chain

model) in 0.5 M NaClO, solution.

170



Appendix 4: Percentage Values Describing the Change in Water Molecules within
the PB systems.

Table A.4.1 Table of the percentage loss of water molecules within the PMETAC brush (two-
chain) in the presence of 0.5 M NaSCN and 0.5 M NaClO, solution. This is compared to the

amount of water molecules in the PMETAC brush (two-chain) in water.

Electrolytic Solution Percentage H,0 loss
NaSCN 13
NaClO, 34

Table A.4.2 Table of the percentage gain of water molecules within the PSBMA brush (two-
chain) in the presence of 0.5 M NaSCN and 0.5 M NaClO, solution. This is compared to the

amount of water molecules in the PSBMA brush (two-chain) in water.

Electrolytic Solution Percentage H,0 Gain
NaSCN 29
NaClO, 25

Table A.4.3 Table of the percentage loss of water molecules within the PMETAC brush (eight-
chain) in the presence of 0.5 M NaSCN and 0.5 M NaClO, solution. This is compared to the

amount of water molecules in the PMETAC brush (eight-chain) in water.

Electrolytic Solution Percentage H,0 loss
NaSCN 13
NaClO, 30
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Appendix 5: Percentage Values Describing the Proportion of Functional Groups
Involved in lon Pairing and Clustering in Polymer Brush systems

Table A.5.1 Table of the percentage values of quaternary ammonium (QA) groups on the
grafted PMETAC chains (two-chain model) bound to the external salt anions, ion pairs and

higher-order ion clustering averaged over the trajectory for CIO,"and SCN™anions

lonic Percentage of QA Percentage of QA Percentage of QA

Species groups involved in ion groups involved in lon groups involved in lon
binding Pairing Clusters

SCN~ 91 44 47

Clos” 100 11 89

Table A.5.2 Table of the percentage values of quaternary ammonium (QA) groups on the
grafted PSBMA chains (two-chain model) bound to the external salt anions, ion pairs and

higher-order ion clustering averaged over the trajectory for CIO,~and SCN™anions

lonic Percentage of QA Percentage of QA Percentage of QA

Species groups involved in ion groups involved in lon groups involved in lon
binding Pairing Clusters

SCN- 85 55 30

ClOs” 92 38 54
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Table A.5.3 Table of the percentage values of sulfonate groups on the PSBMA chains bound to
the Na* cations, ion pairs and higher-order ion clustering averaged over the trajectory for the

PSBMA brush (two-chain model) in 0.5 M NaClO, solution and 0.5 M NaSCN solutions.

Electrolytic Percentage of Percentage of Percentage of
Solution sulfonate groups sulfonate groups sulfonate groups
involved in ion involved in lon Pairing involved in lon
binding Clusters
NaSCN 38 33 5
NaClO, 52 40 12

Table A.5.4 Table of the percentage values of quaternary ammonium (QA) groups on the
grafted PMETAC chains (eight-chain model) bound to the external salt anions, ion pairs and

higher-order ion clustering averaged over the trajectory for CIO,"and SCN™~anions.

lonic Percentage of QA Percentage of QA Percentage of QA

Species groups involved in ion groups involved in lon groups involved in lon
binding Pairing Clusters

SCN- 92 40 52

Clos 96 23 73
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Appendix 6: Plot of the Radial Distribution Function of the Quaternary
Ammonium Groups and Sodium Cations in PSBMA Brush Systems and Diffusion
Coefficient Values for Sodium Cations in PMETAC systems
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Figure A.6.1. Plot of the radial distribution functions (RDFs) of the nitrogen in the QA group
(Nqa) of the PSBMA chains with the Na* cations in 0.5 M NaClO, (blue) and 0.5 M NaSCN

(orange) solutions.

Table A.6.1 Table of the calculated Diffusion Coefficient values and those values used in the

ion pair calculations of the sodium cations in the studied PMETAC brush (two-chain) systems.

Solution Diffusion Coefficient of Approximated Diffusion Coefficient of
Na* Cations / A% ns! Na* Cations / AZ ns!

NaSCN 46.85 47

NaClO,4 45.57 46
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Appendix 7: Plot of variation in end-to-end brush height of two-chain PMETAC
brush model in studied salt solutions.
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Figure A.7.1 Plot of variation in end-to-end brush height (< z. >) of the two PMETAC chain brush
model in the presence of water (blue), 0.5 M NaSQO, (pink), 0.5 M NaSCN (orange) and 0.5 M NaClO,4
(green) solution. Error bars are shown representing the standard deviation of the set of end-to-end

brush height values per PMETAC brush system.
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Appendix 8: Plots of the conformational energies and second differences plots
for Di-ammonium Di-Cations in Unhydrated Conditions.
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Figure A.8.1: a) A plot of the conformational energies as a function of carbon chain length
for unhydrated DA, with m = 3 - 12. b) A plot of second difference for unhydrated DA,
withm=4-11.
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Appendix 9: Plots of the second differences for Di-carboxylate Di-Anions in
Unhydrated Conditions for the Different Energy Contributions.
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Figure A.9.1: a) Second Difference graph of the unhydrated DC,, with m = 3 - 12 for the
energy contributions from bonds, angles, dihedral interactions, van der Waals interactions.
b) Second difference graph of unhydrated DC,, with m = 4 - 11 for the energy contributions
from electrostatic interactions comparing with the second difference graph for the

conformational energies.
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Appendix 10: DFT Calculations for Di-carboxylate Di-Anions in Unhydrated
Conditions
The odd-even effect was observed for the DCp, in unhydrated, implicitly solvated and explicitly

hydrated conditions. It was important to investigate if this pattern was originating from the DC,
or from the computational programs used. DFT calculations were run for unhydrated DC,, to
validate this phenomenon. The energies of the DC,, decrease as the chain length increases
(Figure A.10.1a). This was observed in the basin-hopping global optimization calculations. A
second difference graph (Figure A.10.1b) was calculated, and the odd-even effect was again

observed.
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Figure A.10.1: a) Variation of the conformational energies from DFT calculations unhydrated

DCn with m = 3-10, b) Second Difference graph of unhydrated DC,, with m = 5-9.
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Appendix 11: Summaries for the Average Distance Values Between Charged Ends
for Each Studied Di-ion.

Table A.11.1. Summary of the average Rnn values for the three distinct structural regimes
observed for DA,(H,0),. The minimum Ryn value corresponds with the fully folded DA,
conformation.

m n range Average Ryn for | Average Ry for Minimum Ryyand
studied the linear the folded corresponding n value

conforxation / | conformation/ A Rw/ A n

3 1-12, 15, 20 5.12 4.49 3.81 11

4 1-12, 15, 20 6.43 5.48 491 15

5 1-12, 15, 20 7.66 5.62 5.36 20

6 1-25 8.98 6.68 6.06 25

7 1-15, 20 10.26 7.84 7.43 20

8 12-18, 20 11.55 7.49 6.97 18

9 16-24 12.73 8.98 4.48 24

10 18-25 14.01 8.86 8.42 22

11 18-30 15.28 9.58 7.22 25

Table A.11.2: Summary of the average Rcc values for the three distinct structural regimes
observed for DCy,(H20),. The minimum Rcc value corresponds with the fully folded DCp,

conformation.

m n values Average Rcc Average Rcc Minimum Rccand
studied for the linear | for the folded corresponding n value
conformation | conformation Rec/ A n
/A /A

3 1-12, 15, 20 5.11 3.50 3.25 15
4 1-12, 15, 20 6.42 4.67 4.05 20
5 1-12, 15, 20 7.65 4.84 4.61 20
6 1-12, 15, 20 8.95 5.26 5.13 20
7 1-12, 15, 20 10.28 5.40 4.58 20
8 1-16 11.48 5.90 5.73 14
9 1-16, 20 12.74 6.07 4.89 20
10 1-20 14.12 6.34 6.05 17
11 1-20 15.24 6.01 5.93 19
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Appendix 12: Plots of the conformational energies and plots of the
corresponding second difference for Di-ions in Implicit Solvated Conditions
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Figure A.12.1: a) Variation of the conformational energies implicitly solvated DA, with m = 3-

12. b) Second Difference graph of implicitly solvated DA, with m = 4-11.
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Figure A.12.2: a) Variation of the conformational energies for implicitly solvated DC,, with m

= 3-12. b) Second Difference graph of implicitly solvated DC,, with m = 4-11).
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Figure A.12.3: Second Difference graph of implicitly solvated DC,, with m = 4-11 for the energy
contributions from electrostatic interactions compared with the second difference graph from
the overall conformational energies.
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