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Abstract

Although multiple families of gemini surfactants have been studied in the literature.
Meaningful structure performance relationships are limited to a single family. As such building a
model to readily study dimeric surfactants may provide a means for structural performance
evaluations of experimentally synthesized surfactants and their computationally generated
counterparts.

The bending of the interchange arm of gemini or dimeric surfactants has been studied in a
dynamic computational model. Conformational behaviour of the surfactants in simulation have
been assessed via radial distribution functions or “RDFs”. The results indicate the longer spacers
can loop towards the aggregate interior and interact with the protons on the carbon atoms near the
end of the main surfactant chains, whereas these interactions are absent for the shortest spacer
dimeric studied. These conformational patterns suggested from the RDF results have been
compared to experimentally determined conformations and orientation of a series of dicationic
dimeric amphiphiles of the type N,N’-bis (dimethylalkyl)-a,m-alkanediammonium dibromide (m-
s-m) in aggregated form via '*C chemical shift measurements and 2D-rotating frame Overhauser
enhancement spectroscopy (2D-ROESY). Using the non-mixed systems as a reference point, the

conformational behaviour of mixed systems of surfactants has been contrasted.
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1. Introduction

1.1. Overview

Surfactants are found in many aspects of our daily lives; consequently this is the focus of
a significant amount of research activity both industrially and in academia.!=> Surfactants have the
ability, due to the nature of the molecule (that being a molecule with a polar headgroup and
nonpolar, typically alkyl chains Figure 2-1), to “self-assemble” into structures called micelles, see
Figure 2-2. The term, “micelle” was first coined by James W. McBain and colleagues in the early
20™ century.* A typical micelle in aqueous medium will have their polar heads facing outwards
maintaining contact with the aqueous medium, and their nonpolar tails facing the interior of the
micelle. Surfactants have a host of applications based on their ability to self-assemble into
micelles. This property is important in detergency, medicine and pharmacology (drug delivery),
soil remediation, and a variety of other commercial applications since these micellar assemblies
can incorporate water insoluble molecules in their interiors, a process known as solubilization.
This means that materials normally not soluble in an aqueous environment can be made soluble;
this is one of many useful properties of surfactants that has allowed their industrial usage to

explode over the past 40 years.>

The global surfactant market had a net worth of USD 49.71 billion in 2025, with
expectations to rise upwards to USD 77.25 billion annually by 2034.# With this perpetually
growing market, improvements to surfactant applications for various uses will inevitably follow.
The growth and innovation in surfactant-based technologies have led to the emergence and study
of surfactants of varying chemical structures. Gemini (or dimeric) surfactants represent one of the

most interesting and active areas of surfactant synthesis and research that have emerged in



surfactant chemistry in many years.!” This thesis will use computational chemistry to examine the
packing of the surfactant monomers in the self-assembled aggregates of a well-studied gemini
surfactant, the dicationic gemini surfactants, that are based on quaternized, long-chain
alkylamines. Chapter 1 will provide some background on the relevant information in the thesis.
Chapter 2 will examine the properties of surfactants and self-assembled systems. Chapter 3 will
discuss the theory behind the computational methods used in this thesis. In Chapter 4, the materials
and methods used in the present thesis will be described. In Chapter 5, the computational results
will be presented and discussed, and finally Chapter 6 will present some conclusions and offer

some ideas for future work related to this thesis.

1.2. Computational Background

Computational theoretical chemistry is a subfield of chemistry that uses mathematical
methods and fundamental laws of physics in studying chemical processes. The models describe
molecules as a collection of atoms that have various charged components (positive nuclei, and
negative electrons). In theoretical chemistry an important consideration for developing the models
are the coulomb interaction terms, and how these interactions differ with respect to their
coordinates. For the longest time, the only solvable systems theoretical chemistry could solve wer
systems consisting of one or two bodies that can be converted into a one body problem with the
introduction of a center of mass. However analytical approaches such as perturbation theory have

been proposed to solve (or approximate) n-body problems.®

The term computational theoretical chemistry may suggest supercomputers performing
tasks the likes of which humans cannot comprehend but this is far from the case. Computers in

fact are not as sophisticated as they appear, at their core they perform only the following:



mathematical operations, determine relationships between numbers, branching depending on a
decision, looping, and reading data and the writing of said data to external files. The real genius
of computers lies in their speed, and it is this speed that when paired with a good computational
model allows theoretical chemistry its success as a predictive tool. This thesis will use
computational chemistry to examine the packing of the amphiphile chains and the spacers linking
the headgroups of some dicationic gemini surfactants as a function of the spacer length (s) at a
constant alkyl chain length (m = 10). It is anticipated that the packing of the amphiphiles in the
micelles will be impacted by the length of the spacer group; this will be probed computationally
through the use of the radial distribution functions obtained from our simulations, and by
comparison of the correlation functions for the carbon atoms of these amphiphiles to the results
for the cross-peaks observed in the and C-13 shifts for these same gemini amphiphiles recently

accepted for publication from this lab.

1.3. Thesis

Gemini (or dimeric) surfactants present an interesting variation on surfactants in that there
are two head groups connected by a spacer.” Gemini surfactants pose a test of current micellization
theories as it is anticipated that the rich diversity of structures should have a strong influence on
the micellization process and of course, the thermochemical properties of the micelles they
form.!>1% Although multiple families of symmetric gemini surfactants have been studied in the

literature,'!

structure performance relationships afforded by the complexity of the surfactant
architecture (e.g., by varying the ratio of the main surfactant chains at constant spacer length or

having two dissimilar head groups), are limited mainly to a single family, most likely due to the

difficult nature of the gemini surfactants syntheses reported in the literature (i.e., low yields,



resource intensive, and time consuming).” Although there are multiple families of dimeric
surfactants reported in the literature, the lack of monomeric or even dimeric amphiphiles with
which a meaningful comparison can be made means that structure performance relationships and
even details such as how the monomers and the spacers can efficiently pack into aggregates is
lacking. Indeed, for many families of gemini surfactants, the absence of a monomeric counterpart
makes meaningful structure performance comparisons impossible. As such, building a model to
readily study dimeric surfactants will prove useful in not only obtaining information about these
dimerics without the issues outlined above, it may also provide a means for structural performance
evaluations of experimentally synthesized dimeric surfactants against their computationally
generated monomeric counterparts. For this thesis, the surfactants chosen are members of the
N,N’-bis(dimethylalkyl)-a-w-alkanediammonium dibromide family, with the counterion modified
to chloride anions. Their dimeric form will be referred to by a shorthand nomenclature m-s-m
where m is the length of the alkyl tail and s is the length of the alkyl spacer chain. These systems
have been chosen as they are the most-studied dimeric surfactant family in the literature, and as
such there exists a reasonable knowledge base for both these surfactants and their monomeric
analogues with which meaningful comparisons and insights from our computational model can be

obtained.



2. Surfactant Theory

2.1. Surface Active Agents and Their Aggregate Forms

Surface active agents (commonly known by the acronym surfactants), are well known for
their activity at interfaces. This property of surfactants is attributed to their regions of differing
polarity in the molecule, that being a region of hydrophobicity as a consequence of the alkyl chain,
and a region of hydrophilicity due to the polar head. The efficiency of a surfactant is assessed by
its ability to reduce the surface tension at the interface. An effective surfactant has the ability to
reduce the surface tension of water from 72mNm ! to 30mNm'.!? There are classes of surfactants
such as multi-tailed, multiheaded, gemini and of course the 4 main categories under which all
surfactants can be classed (anionic, cationic, non-ionic, and zwitterionic, based on the charges of
the surfactant headgroups). Surfactants are typically petroleum based in nature, but there are

others, namely biosurfactants, that are derived from natural sources.'?

‘/\/\/

Polar/charged Head Hydrophobic Tail

Figure 2-1 - Depiction of a typical surfactant

The most general surfactant depicted in Figure 2-1 consists of a single alkyl chain (tail)
connected to single polar or charged group (head). Further noted from Figure 2-1, the chain is not
depicted as rigid, owing to the fact that alkyl bonds have a high degree of rotational freedom. This
degree of freedom will be contextualized in chapter 5. The intermolecular and intramolecular

interactions of the tails are considered to be indistinguishable from one another, as the micelle core



is described as “liquid-like” by David Gruen.!® In having regions of both hydrophobicity and
hydrophilicity, the molecule, when introduced to a polar solvent such as water will tend to
aggregate into a structure called a micelle.'"* The most generic micelle is depicted in Figure 2-2,
where we observe a cross section of a spherical micelle where the hydrophilic heads orient
themselves outwards and the tails are pointed towards the interior of the aggregate. The solvent
interaction with the molecule will result in an ordering of the water around the alkyl tails called
the iceberg effect.!® This is an entropically unfavoured process, although the clustering of the
icebergs causes them to dissolve due to the strong cohesive effects of water. These cohesive effects
will force the water back into the bulk solution, effectively “melting” the icebergs and allowing
the alkyl chains to cluster, minimizing the nonpolar-polar interactions while increasing the entropy
of the system. It is this effect (termed the “hydrophobic effect”) that causes spontaneous

micellization above a certain concentration of surfactant known as the CMC (see Section 2.2).

Figure 2-2 - A simple cross-sectional
display of a spherical micelle

The type of aggregates that form in solution may be influenced by temperature, pH, and

pressure of the system but it is predominantly due to the concentration and the structure of the



amphiphiles themselves.!® A few of the many possible types of surfactants aggregates are
represented in Figure 2-3. This aggregation is driven by the decrease in Gibbs energy due to the

“melting” of icebergs defined by equation 2-1 below.
AG = AH —TAS [2-1]

The system after reaching a critical point, will allow the “icebergs” to cluster, and when in close
enough proximity to melt, this will drive the equilibrium to a system of free surfactants with the

various aggregates morphologies depicted below.

I

Spherical Inverse

. Vesicle
micelle micelle
Cylindrical Worm-like Bilayer lamellar
micelle micelle micelle

Figure 2-3 - Schematic of different aggregation types. (From Y

Poolakkandy et al. 2020).

The structural aggregates outlined in Figure 2-3 show the range of surfactant aggregates

that can be produced. Types of these aggregates and their equilibria with surfactant monomers



have been extensively studied for single-headed-single tailed surfactants like those depicted in
Figure 2-1. These aggregates and the equilibria established with other families of surfactants is

an active area of investigation.

Gemini surfactants are a class of surfactant first described by Menger and Littau in 1991,
emerging from a study of quaternary ammonium salts and their phosphate derivatives.’
Interestingly, in that same study they allude to the fact that micelles of these gemini surfactants
would form at lower concentration versus their monomeric counterparts, despite the fact they did
not present any experimental data to verify this statement. Gemini surfactants as depicted in Figure
2-4 consist of two alkyl tails, and two polar head groups which are connected via an alkyl spacer
group. It is of course the presence of two alkyl chains as well as the spacer itself that drive micelle
formation at a lower concentration due to the hydrophobic effects with water. As mentioned above,
these surfactants are less studied compared to conventional single-headed surfactants; the main
reason for this is the difficulty of their synthesis and lack of comparative studies. However, with
recent increased usage of new techniques (e.g., microwave synthesis both for asymmetric and
symmetric amphiphile molecules!®!), it is expected that both the availability and the complexity

of dimeric surfactants will increase.



Head group

Alkyl chain

Figure 2-4 - Optimized (DFT b3lyp/6-31+g(d)) depiction of a 10- 204

4-10 gemini surfactant built using the GaussView. Hydrogen atoms
are hidden for clarity.

2.2. Fundamental Properties of Micelles

The critical point at which the “icebergs” melt and aggregates form is termed the critical
micelle concentration (CMC). Below this value, surfactants are predominantly at the interface and
the equilibrium between the monomers dissolved in the bulk of the solution and adsorbed at the
interface can be modelled by a dynamic equilibrium. Above this value however, molecules begin
to aggregate in the bulk phase, and any model of micelle formation must account for the significant
decrease in the Gibbs energy that results when the surfactant molecules cooperatively self-
assemble into micelles. The underlying thermodynamics governing the type of aggregate formed
must take into account the shape and size of said aggregate.*® The Krafft temperature, Tk, is the

temperature at which the equilibrium between the self-assembled aggregates and the monomers
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micelles begins to form in a saturated solution; below the Krafft temperature, the equilibrium is
between solid, hydrated surfactant and dissolved monomers only. Another important property of
surfactant micelles is the aggregation number, which this the average number of monomers
comprising the micelles. Aggregation numbers depend on both the length of the alkyl chain of the
surfactant and its concentration in solution above the CMC;?!: 7 typical values for aggregation
numbers are between 50-100 surfactant molecules, although these numbers are large in higher

order aggregates like worm-like micelles.?

2.3. Mixed Micelles

Recently, research focus has shifted to the study of mixed surfactant systems. A mixed
system consists of multiple components of surfactants that often exhibit properties different from
what would be expected of the individual surfactant types. One of the most interesting phenomena
with respect to mixed micelles is the appearance of micelles at a lower concentration than their
non-mixed counterparts, i.e. the CMC has effectively been lowered.?? John H. Clint has done
research on the micellization of mixed non-ionic surfactants in the 1970s, his experiments yielded
an equation that can be used to predict the CMC in a system that is ideally mixed and is given by

equation [2-2]:%

1 a;
—— =) [2-2]
CMCix CMC;
For a two-component system:
1 a 1-a
= + [2-3]

CMCpiy  CMCq = CMCh



11

Where CMC,is the critical micelle concentration of the first surfactant, CM C,, is the critical micelle
concentration of the second surfactant, CM C,,;, is the critical micelle concentration of the mixed

micelles, and « is the fraction of surfactant a in the system.

ol

= fl}-

Figure 2-5 - Cross section of a mixed micelle, the blue tail represents an alkyl chain of
length m, while the orange tail represents an alkyl chain of length n.

Equation 2-2 indicates that if the mixing of surfactants is ideal, the CMCuix Will be equal
to the sum of the mole fraction of its constituent amphiphiles and their respective CMC values
over the entire composition range . Therefore, the mixing of a binary system can be modelled by
equation [2-3]. Figure 2-5 shows a cross section of a binary mixed micelle consisting of
monomeric surfactants with the only differentiating factor being the length of the alkyl chain.

These binary systems of surfactants are all that will be assessed in this study.
2.4. The Mixed Micelle and Gemini Surfactant Problem

Even with the push for research on mixed systems due to their unique properties, there are
many aspects that still need clarification. For example, the mechanism of mixed micelle formation

is a debated topic, the schematic of possible mechanisms is presented in Figure 2-6. Scheme 2 is
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the method proposed by Cui and colleagues in their research, as their NMR data suggested that
there is a stepwise formation process where all of surfactant a and b will aggregate separately and
collide to give the traditional mixed micelle, while the concerted one step formation has been the
traditionally accepted mechanism.! This illustrates a gap in our knowledge of surfactant chemistry
describing a phenomenon that has wide applicability in both the pharmaceutical and the consumer
products field. Therefore, an in-depth understanding of the formation of mixed micelles and the
phenomenon of solubilization are critical in these applications; this is an area where computational
chemistry might shed some light as to the validity of the currently accepted mechanism versus the
one recently advanced by Cui et al.! As well, in our case, understanding the behaviour of mixed
systems of gemini surfactants may provide novel insights into their formation processes and in the

mechanism of mixed micelle formation in general.
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Figure 2-6 - Proposed mechanisms of mixed micelle formations, the orange tail denotes
an alkyl chain of length m, the blue head represents the two nitrogen heads connected by
a spacer length s, and the green head represents the two nitrogen heads connected by a
spacer length z.
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3. Computational Theory

3.1. Computational Chemistry

The foundation of theoretical chemistry lies in describing a system, for example, important
questions such as; what are the particles? How many of each particle type do you have? What are
the starting conditions (temperature, pressure, velocities, positions)? How do the particles interact?
Finally, how does the system change over time i.e., what equations govern the dynamics all need
to be addressed. When considering systems consisting of hundreds to millions of atoms, classical
physics simulations such as molecular dynamics is often considered the method of choice. The
classical method is the method of choice here, as quantum simulations would be too

computationally expensive.

The study of n-body problems has been achieved through the use of Molecular Dynamics?*
using the GROMACS? package to handle such large molecular systems. Groningen Machine for
Chemical Simulations (GROMACS) is a package used to run simulations of molecular systems
using Newton’s equations of motions solved numerically.>-?” GROMACS was developed to
investigate macromolecules in solution. In contrast to the Monte Carlo (MC) lattice method, it is
seen as a more natural evolution of the system using parameters that will allow the components to
move in a manner that reproduces translational motion rather than movements that must be coded

into MC cycles that does not include dynamical information.

One of the big issues present in attempting to simulate an “infinite” system is the fact that
systems are not infinite. A major point of contention in theoretical chemistry is that the
computational approach can be heavily dependent on the methodology, such as the forcefields,

and boundary conditions.?® The choice of boundary conditions will give rise to artifacts depending
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on the system studied. GROMACS in our study will employ the use of periodic boundary
conditions. Figure 3-1 is a top-down view along the z axis of a simple system consisting of a single
micelle in water moving across the x axis, the center box is the one that has been built, the

reflections alleviate the effects of hard boundaries simulating a pseudo bulk solution.

A
iy

v\.? frfJ

Q@ mmm)

ey

S
ey

Do
s

-
55

7
55

X

Figure 3-1 - A simple system depicting periodic boundary conditions, the object in the
center box as well as its motion is reflected periodically outwards in all directions to
alleviate the effects of a hard boundary.

The interactions (short/long ranged and inter/intramolecular) used in molecular dynamics
is described as a forcefield. Each molecule is given its own force field parameterization that
determines how the molecule will interact in the simulation space. A typical force field is the
potential energy of the molecule U(¥) as a function of the position (#) of N atoms. Equation 3-1
can be described by bonded interaction (bond length, torsions of bonds, and bond angles) and non-
bonded interactions (Lennard-Jones interactions and a coulombic term).?’ Bonds and angles are

described by a summation of harmonic potentials where its difference from a reference value i.e.
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b,, 6, istaken and multiplied by a spring constant. The torsional term includes improper dihedrals
to ensure planarity of sp? atoms. Lennard-Jones interactions are used to describe van der Waals
interaction; and the coulombic term simply follows coulombs law. This simplified description of
the system is known as a class 1 force field.?” Equation 3-1 when translated to the molecule itself

is shown in Figure 3-2.

U(?): (ZBonds kb (b - bO)Z + ZAngles k9 (9 - 60)2 + ZTorsions k(p [COS((TlQ) + 6) +
[3-1]

Aij  Cij qiq;
1)]2)bonded interactions 1 (ZNon—bonded pairs{r'% - %}LJ + {:_ij]}Coulomb)non—bonded

ij Tij

Figure 3-2 - Depiction of forcefield parameters considered in molecular ¥

dynamics (Pink et al.)

3.2. Computational Studies of Micellar Structures

Monte Carlo®® and molecular dynamics have been used to successfully model surfactant
systems. Burrows and his colleagues saw success measuring the electrostatics of a system of
symmetric cationic gemini surfactants m=12.3" The effect on the electrostatics and hydrophobic
effects were monitored as a function of spacer length s=2,3,5,6,10, or 12. The aggregates of a
conjugated polyanion was broken up upon the addition of the gemini surfactants which occurred
as a result of interactions between the polyanion and the surfactant. Molecular dynamics suggest

a good balance exists between the hydrophobic and coulombic effects as the spacer length is
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increased past s=5 which is responsible for the disruption of the polymer aggregates and the

subsequent formation of the polymer/surfactant aggregates.

The development of a new united atom forcefield was used to study systems consisting of
cetylpyridium bromide (CPB), investigated by Verma, adopted the GROMOS9654a7 forcefield
and tailored it by comparing to experimental data.’! The study aimed at producing data in good
agreement with experimental and theoretical values, of water, 1-octanol, and the micelle. They
observed a planar pyridinium ring for the CPB, as well, vibrational modes that were consistent
with experimental data was observed. The molecular dynamics simulations showed a good

stability of the micelle over a 100 ns simulation.

3.3. Radial Distribution Functions

Radial distribution functions will prove to be the key means of assessing the model. A
radial distribution function or RDF describes how the density of a particle varies with respect to
the distance r from a reference point in a system. This means normalizing the number of particles
found in a sphere with radius r and a thickness of dr.3? Figure 3-3 represents a model for what a
typical RDF looks like for a particle distribution of particles B at distances r1, 12, 13, and r4 from a
reference point (particle 4 in this case). From this model distribution the most dominant

distribution is 12, as the majority of particle B fall within this sphere.
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Figure 3-3 - Schematic showcasing the theory behind Radial
Distribution Functions.
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Figure 3-4 - oxygen-oxygen radial distribution function of SPCE water at 298K. The dotted, solid, and dashed lines correspond
to the classical, quantum H>O, and quantum DO results. (Hernandez et al. )33
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Contrasting this with an oxygen-oxygen RDF of water (Figure 3-4) the most dominant distribution
occurs around 2.8 angstroms analogous to the max distribution shown in Figure 3-3 (r2). There is
no probability of finding another oxygen within 2.5 angstroms which corresponds to rl in Figure
3-3. Finally, as the radius increases there are relative maxima and minima, a relative maximum of
probability might be considered r3 in this case and a minimum would be rs. This is the premise

behind all structural analysis performed on the simulations.
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4. Materials and Methods

4.1. Computational

4.1.1. The Model

The simulations were performed on a Linux window (Terminal) using an Apple MacBook
Air Laptop. The Terminal was used to access the Molecular Dynamics GROMACS package,
which was hosted on the Digital Research Alliance of Canada system, Narval. The 3D structures
of the surfactants and the associated .mol files required for computation were generated using
Advanced Chemistry Development’s Chemsketch™ Software (version 2024.2.1).#7  The
structures were uploaded to an online server called ATB*%, that generated the molecular
descriptions of the surfactants in a manner appropriate for GROMACS. The system files from
ATB were further processed using Packmol®® to generate the full molecular parameters for use
with GROMACS. The study examined systems of symmetric 10 series surfactants with spacer
lengths s = 2, 4, 6, 10 (Table 1). Simulations have been performed with the united atom
GROMOSS54a7 forcefield, as the GROMOS forcefields have shown to have good agreement with
molecular modelling of micelles.>® The solvent for the model was a common water model, SPC/E.
This water model is an appropriate model for the GROMOS54a7 forcefield..3!-3235-38

Table 1 — Surfactant systems investigated in the present thesis with the number of water molecules
used in the simulations.

Unmixed Systems at 298K Mixed Systems at 298K Large Mixed Systems at 298K

10 10-2-10 + 500 water molecules 510-2-10 + 5 10-6-10 + 500 water 5 10-4-10 + 5 10-6-10 + 8000 water
molecules molecules

10 10-6-10 + 500 water molecules 510-2-10 + 5 10-10-10 + 500 water 10 10-4-10 + 10 10-6-10 + 8000 water
molecules molecules

10 10-10-10 + 500 water molecules 5 10-4-10 + 5 10-6-10 + 500 water 20 10-4-10 + 20 10-6-10 + 8000 water
molecules molecules

510-6-10 + 5 10-10-10 + 500 water 40 10-4-10 + 40 10-6-10 + 8000 water
molecules molecules
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Thus, the GROMOSS54a7 forcefield was chosen, and the simulation box was defined and
solvated. Unphysical forces were removed during energy minimization, and physical parameters
such as the density, temperature, and pressure were equilibrated with respect to the canonical, and
isothermal/isobaric ensembles (NVT, NPT).?° The stability of the system was assessed via a plot
of the potential energy against time, where a plateau represented a stable equilibration. The
timestep was 2 fs, in an isotropic, cubic box with periodic boundary conditions equilibrated over
1 ns for the NVT and 1 ns for the NPT ensembles at 298 K, 1 g/cm?, and 1 atm. The equilibrated
system was used as the starting point for the production runs over 10 ns. Interactions had a cutoff
radius of 9 angstroms when treating nonbonding interactions, and the long range electrostatics
were treated with the particle mesh Ewald method.*® Depicted in Figure 4-1 is the block diagram

showing the full preparation and analysis of an MD run.

> Download initial structure

Choose appropriate forcefields

System prep

Create simulation box

> Prepare system (solvation, neutralize, etc.)

> Minimize energy
Equilibration
- NVT and NPT equilibration
Simulation Production/continuation runs
Data analysis ———» Simulation analysis

Figure 4-1 - Block diagram of the preparation stages of the proposed model.
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4.1.2. Simulation Radial Distribution Functions

Structural analysis was performed by RDFs using the GROMACS package. RDFs were
used in assessing the effect that the length of the spacer chain has on the conformation of the chain.
Potential changes to the conformation of the spacer chain were monitored by taking a point on the
spacer chain as a reference point. Probability of distance were determined on m;-s-m. surfactants

with the carbon in s compared to a carbon m; in most cases.

The structural analysis of mixed systems was performed on a system of m-s;-m, m-s>-m. A
concentration of 20 mM calculated as shown in equation 4-1 and 4-2. Because systems in
GROMACS don’t operate near molar levels the calculation of concentration by converting the
volume of water to number of water molecules meant that a concentration could be determined
without accounting for the volume of the simulation box that is subject to change with GROMACS
commands. The systems were initially simulated on a smaller scale and upscaled and compared to
the smaller systems. This was undertaken at first, to save on computational power, reducing
computer times, but also testing if there are any observable artifacts on a smaller system. The

calculations are shown below:

0.02molm-s—-m _ 0.02M = 0.02 mol m—s—m 1L H,0 1mol H,O0
1L H,0 - - 1L H,0 55.5 mol H,0 Ny

Ny __ 1.204'10%% molecules m—s—m

[4-1]

1molm—s—m  3.34-1025 molecules H, 0

X

= 0.2M,x = 10 where x = m-s;-m + m-s>-m [4-2]
500 H,0 molecules

The RDFs performed were the same as that on a non-mixed system. Figure 4-2 will serve

as the reference for all RDFs performed. It is understood that all distribution functions consider
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both inter and intramolecular distances, however, there are situations where the distribution
function decouples the inter and intramolecular. For such circumstances closed square brackets
will denote an RDF considering only intramolecular arrangements, while an open-ended bracket
denotes a system that considers the reference atoms distribution concerning only intermolecular

distances.

Figure 4-2 - A numerical description of a 10-10-10 dimeric. Spacer chain carbons are counted from
NI and given the tag S, alkyl chain carbons are counted from their attached Nitrogen head and given
the tag A for those attached to N1, and A’ for those attached to N2.

For example, a 1S-1A RDF concerns all 1A carbons with respect to 1S, while [1S-1A] is only the
intramolecular distributions and [1S-1A) concerns 1S with all 1A save the one on its molecular

framework.



23

4.1.3. Comparative Energetics Experiments

Comparative energetics of the system was performed by assessing the potential energy of
the system using the GROMACS package. The concentrations of a mixed system of 10-4-10 and
10-6-10 were increased in a set amount of water molecules. The water was held constant so that
any changes to the potential energy can be attributed directly to the number of surfactants
present. Finally the ratio of the surfactants was kept constantly at 1:1. This was done to observe
potential deviations in linearity, if there is a change in the interactions of the system as a function

of concentration a deviation should be apparent.
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5. Results and Discussion

5.1. Non-Mixed Surfactant System to 2D 1HNMR Experiments

This thesis first tests the model’s accuracy by comparing to experimental 2D-'HNMR data.
NMR experiments are done by immersing the molecule of interest in a strong magnetic field
inducing the nuclei of the molecule to align with the magnetic field. These nuclei are then excited
to a higher energy state and the relaxation of these nuclei are then measured to reveal the chemical
environment of those nuclei. The two-dimensional NMR experiment will correlate two nuclei in a
system based on through-space or through-bond interactions. Nuclear Overhauser Effect
Spectroscopy or NOESY show correlation signals caused by dipolar cross-relaxation of protons.
This relaxation signal is typically observed when the two nuclei are in proximity of each other
within 0.5 nm or less. The strength of these peaks is inversely proportional to r® where r is the
distance between the nuclei. This has been used in the study of biomolecules simply due to the
complexity of the structure.*!**The rotation frame analog of the NOESY is known as the ROESY
experiment. While the experiments differ slightly in the pulse sequences used, the interpretation
of the cross-speaks is the same — that is a through-space dipolar interaction between the protons

where the protons are in a spatial proximity of 0.5 nm to one another.

The trials from MacNeil et al. reports a “bending back” of the spacer chain above s = 4. In
their experiments, 20 mM concentrations of the symmetric 10 series dimerics were used for the
ROESY experiments.’! The presence of ROESY cross peaks demonstrate H-H interactions within
5 angstroms or 0.5 nm, and the presence of these peaks were used qualitatively to interpret
conformations of the aggregates. The paper reports a cross peak between the S of the spacer chain

to the y carbon of the alkyl chain is only observed with the 10-10-10 surfactant and this data can
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be used to validate the correlations derived from the GROMACS simulations. As an example,
Figure 5-1 is an RDF of the f8 spacer to y alkyl chain (2S-3A). In the figure it can be observed that

only 10-10-10 has a probability peak within 0.5 nm.
7

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Radial Distance (nm)

Figure 5-1 - Radial distribution function of 2S§-3A. The blue line

represents the 2-length spacer chain, green represents s = 6, and

purple represents s = 10.

The ROESY data cannot, indicate the exact distance, only if they are within 0.5 nm, since

all alpha spacers to alpha chain show cross relaxation peaks it can be assumed they are within 0.5
nm. Figure 5-2 predicts distances under 0.5 nm for all alpha spacer to alpha chain carbons. The
RDF of all trials are within the 5-angstrom limit, with peaks at around 0.25 nm. The 0.25 nm
distance was tested with an optimized structure of 10-6-10 in Gaussian 09** using the hybrid DFT
method b3lyp* with the 6-31+G(d) basis set.*® Despite being a gas phase optimization with
chlorine anions left out to save on computational load, the distance was still in good agreement
(0.249 nm). It can be observed that there is not a spectrum of probability, only a single sharp peak
suggesting little room for flexion in either the alpha carbon of the spacer chain or the alpha of the

chain. Although swamped by the extreme region of probability, the intermolecular distance can be
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observed clearly from the distributions. It does seem to show that the next nearest alpha chain
carbon can exist in a closer conformation suggesting tighter packing proportional to the spacer

chain length. This is also shown in Section 5.3 to minimize the chance that this is an artifact of a

smaller system size.
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Figure 5-2 - An RDF of 1S-14 and (B) the RDF for [1S-1A). The blue line
represents s = 2, green represents s = 6, and purple represents s = 10.
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The radius needed to find an intermolecular alpha chain carbon is consistently smaller as a result
of the spacer chain. Along with this, a RDF of the terminal carbon (10A) to terminal carbon
(10A”) seems to indicate this as well. With increasing spacer chain length, the distribution
function shows a greater distribution of terminal carbon to terminal carbon, though the shape of
the graph remains the same (Figure 5-3), suggesting the aggregation becomes tighter with
increasing spacer chain. The graph also suggests a broad degree of rotational freedom
considering there is no clear separation between the inter-intramolecular distribution. The

rotational freedom is only strengthened by Figure 5-5 (B).

0 0.2 04 0.6 0.8 1 12 14 16
radial distance (nm)

Figure 5-3 - Radial distribution function of 104-10A4°. The blue line represents
the 2-length spacer chain, green represents s = 6, and purple represents s = 10.

As well, the beta spacer chain seems to be in good alignment with the delta spacer chain
experimental distances. Figure 5-4 shows that only the for s = 10, would a ROESY show up in a
spectrum. Interestingly, the model presented from RDFs on a system size this large indicate that

spacer chain hasn’t back bent, at least to the degree of the 10 spacer. This may of course be a flaw
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of the model, although it may be possible that the bending of the model is not occurring in a way
that has been traditionally described. Typical to dimerics, aspects about them remain unresolved,
and the RDFs bring us no closure on the matter of their formation, though they do pose a question
of how they aggregate. This question is only exacerbated by Figure 5-5 which is an RDF of the

alpha spacer and the omega chain carbon.
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Figure 5-4 - Radial distribution function of 25-4A. The blue line represents the
2-length spacer chain, green represents s = 6, and purple represents s = 10.

Figure 5-5 (B) suggests there may be artifacts when assessing the terminal chain carbons.
Figure 5-5 (4) is an RDF of the alpha spacer to omega chain carbon. It can be seen that as S
increases the aggregation changes when s is greater than 4. This is in line with experimental data,
where the data shows a conformational change above s = 4, until the intra and intermolecular
interactions are decoupled and taken as separate RDFs (B). Upon decoupling the interactions of
10-6-10 it is observed that intermolecular distributions appear before intramolecular. This is

puzzling when one expects a well-defined micelle to have the chains oriented towards the center.
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The steric hinderance should allow no chance of an orientation where the terminal carbon
intermolecularly adopts a conformation in closer proximity to the alpha spacer than its own omega
carbon. The probability peak in Figure 5-5 (A) at 0.125 nm is in agreement with the optimized
structure of 10-6-10 (0.127 nm for 10-6-10 optimized with b3lyp 6-31+g(d)) further supporting
the validity of the model with the exception of the intermolecular proximity. What the decoupled
alpha-TC RDF does showcase (Figure 5-5(B)), is the fluidity or rotational freedom of the alkyl
chain which was hinted at in Figure 5-3. The broadness of Figure 5-5(B) can be attributed to the
omega carbon of the alkyl chain (10A) while the alpha spacer is inferred to be rigid considering
Figure 5-2(A). Figure 5-6 provides a proposed aggregation scheme that may account for this
anomaly, since these aggregates are not well-defined micelles aggregate conformations where the
chain of a surfactant may face toward the spacer of another surfactant. This conformation is not
dominant of course, and the trend of the distribution function in Figure 5-5(B) supports that as you

go further out radially it becomes increasingly likely that an intermolecular terminal carbon exists.
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Figure 5-5 - (A) RDF corresponding to 1S-10A. The blue line represents the 2-length
spacer chain, green represents s = 6, and purple represents s = 10. (B) 1S-14 RDF of
10-6-10 that has had its inter and intramolecular interactions decoupled. The blue line
represents [1S-10A4], while the orange line represents [1S-10A).
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Figure 5-6 - Proposed aggregation scheme of a random dispersion of 10-10-10 (A4) into a
typical aggregation (B) and a semi aggregate (C). The model serves to provide a
reasoning for the appearance of terminal carbons within a shorter distance than the
intramolecular distance denoted by the arrows.
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Although, the intermolecular RDF trend itself does align with what would be expected

experimentally, the anomaly of the intermolecular proximity may merit a closer investigation.

5.2. Mixed Surfactant System to a Non-mixed System

Once the accuracy of the model to predict conformational trends from experimental data
was determined, the system was modified to a C(5, 2), mixed system surfactants. The same RDFS
were taken as its unmixed counterpart and the RDFs were observed to determine if the introduction
of a new dimeric affected the conformation. The distribution functions become much noisier with
the addition of the second surfactant to the system, this of course may be due to the aggregate
structures “disruption” as the aggregate is no longer composed of only the surfactant of interest.
This may be a factor but more likely, is the fact that there are 5 surfactants in solution. In Section
5.3, when the system is increased to 80 surfactants (40 of each), the distribution clears up. This
may indicate that for smaller systems, longer run times may be required for the equilibration to
reach a smoother profile of the RDFs. The trends experienced in the mixed system remain largely
the same as can be seen in Figure 5-7 (4) where a 10-2-10 terminal carbon to alpha spacer RDF
have the same shape, there are outliers that might be rectified in a larger system. One such outlier
is seen in Figure 5-7 (B) which shows that the same RDF for a 10-6-10 does change with the
addition of a 10-10-10 surfactant. A region from 0.600 nm to 0.630 nm becomes nearly as
dominant a configuration as the intramolecular distances. Of course, considering Figure 5-3 which
suggests a tighter aggregation proportional to s, it is possible that 10-6-10 is forced into a semi

binding aggregate while the 10-10-10 lies in the traditional aggregate.
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Figure 5-7 - Figure 5-7: (A) 1S-104 RDF of 10-2-10 in solution with a secondary
surfactant. The blue line represents a 10-2-10 in solution with 10-10-10, green
represents a mix with 10-6-10, and purple represents the unmixed 10-2-10. (B)
1S-104 RDF of 10-6-10 in solution with a secondary surfactant. Dark blue
represents a mix with 10-10-10, the turquoise represents a mix with 10-2-10, and
the green represents the unmixed 10-6-10.
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The model, when considering how the beta spacer carbon spatially exists relative to other
carbons, remains valid. Figure 5-9 remains consistent for the unmixed solution suggesting the
model remains useful in providing information about the  carbon to the y and § chain carbon
(2S-2A and 2S-4A). Figure 5-9 (B and C) also remain consistent with the trends of their unmixed

counterparts in reference to the relative position and number of peaks.
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Figure 5-9 - (A) 25-34 RDF of 10-6-10. The green line represents the unmixed 10-6-
10, while dark blue, turquoise and purple are mixed systems with 10-10-10, 10-2-10
and 10-4-10, and (C) 25§-34 RDF of 10-2-10. The purple line represents the unmixed
10-2-10, while the blue and green line represent a mixed system with 10-10-10 and
10-6-10.
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5.3. System Size Effects on a Mixed System of 10-4-10:10-6-10

In this section, the impact of the size of the system upscaled on the distribution functions
is presented and discussed. For this comparison only one system size was chosen due to the time
constraints of the project. 10-4-10:10-6-10 was chosen simply because there were no unforeseen
interactions when the systems were mixed, as they behaved as they did in the unmixed simulations,
meaning any differences observed, ideally would be due to increasing the system size and no other
interactions. RDFs were calculated on a system containing 40 10-4-10 and 40 10-6-10 and
compared to the systems containing 5:5 to expand upon data that may have been incomplete.
Figure 5-10 (A) is one such example of that. The maximum distribution of the 10-4-10 alpha spacer
to alpha chain in both systems remain at 0.244 nm, but the peak broadens from a range of 0.232-
0.254 nm to 0.230-0.258 nm. The same can be said for Figure 5-10(B), the maximum peak of 10-
6-10 alpha spacer to alpha chain is 0.256 nm, yet the range of the distribution upon increasing the
system size is increased from 0.234-0.276 nm to 0.224-0.278 nm. For both the 10-4-10 and 10-6-
10 the overall trend has remained the same, a peak early in the distribution, a region of no
conformations due to the extreme steric hinderance that must be overcome to either bring an
intermolecular alpha carbon within proximity, or the extreme strain that would be needed to stretch
an intramolecular [1S-1A] interaction, and of lower probability of denoting the distance of an alpha
spacer to an intermolecular alpha chain. Still the graph in Figure 5-10 does suggest what has been
seen experimentally on a microscopic scale, that is, more flexibility in the alpha spacer chain with

increasing spacer length.
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Figure 5-10 - (A) 1S-14 RDF of 10-4-10 in a mixed system with 10-6-10 (B) 1S-

14 RDF of 10-6-10 in a mixed system with 10-4-10. The blue line is the 40:40
while the orange is the 5:5 system.
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The model remains consistent in its predictive power of the 8 spacer conformation. Figure
5-11 is the RDF of the 8 spacer to y chain for both the 10-4-10 (4) and the 10-6-10 (B). It should
be noted that according to the RDFs presented, both 10-4-10 and 10-6-10 have regions within 0.5
nm indicating they should be observable in the NMR. The peak of the RDF for both, however, do
still lie outside of 0.5 nm, 0.522 nm for the 10-4-10 and 0.520 nm for the 10-6-10 respectively.
This is unlike that of the 10-10-10 system that has a peak before 0.5 nm (Figure 5-1). There is a
different structure reported for a 10-4-10 2S-3A than for all other 2S-3A, that being a 3-peak
distribution as opposed to the 2-peak that has been observed for all 2S-3A thus far. What
conformations might be adopted as shown by the distribution cannot be accurately commented on
without further research although it does serve as a diagram for not only the richness of the system,
but the unknown qualities of surfactant systems. For comparisons to experimental data, relative

maximums may be the most important points of interest.
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Figure 5-11 - 25-34 of a 10-4-10 (A) and a 10-6-10 (B). The blue line
represents a system size 40:40, and the orange line represents a system
size 5.3.

Perhaps most indicative of the impact of system size is seen in Figure 5-12. The 10-6-
10:10-4-10 1S-10A when considering the 10-6-10 in solution shows the typical bump in
probability from 3.3-0.55 nm is not present in the 5:5 system, this shows a loss in intermolecular
data. Troubling as this bump seems to be it puts on clear display the loss of intermolecular data
with the loss of system size. Although, this bump is clearly present from a system size consisting
of 10 of one type of surfactant, Figure 5-5, it would seem that the system size of 10 surfactants is
suitable for interactions, though box size must also be considered, as can be seen in Figure 5-12.
The 5:5 system cuts off abruptly, leaving the 2 nm of data showing how likely an intermolecular
terminal carbon is to exist outside the intramolecular distance, which does agree with the typical

aggregation proposed in Figure 5-6(B).
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Figure 5-12 - A 10-6-10 RDF of 1S-104 in a mixed solution with 10-4-10. The
blue line represents the 40:40, while the orange represents 5:5.

5.4. Energetics Comparison of 10-4-10:10-6-10

Finally, the energetics of the system will be assessed. Though there were some potential
artifacts such as those seen in Figure 5-7 and Figure 5-8 the consensus is that our model predicts
a system that is mixing ideally, otherwise the distribution functions might have changed more
drastically upon adding a secondary component. Though, preliminary ITC work suggests the
system is not mixing ideally, but this test has not been repeated, and so further tests must be done
to confidently assert the mixing as ideal or nonideal. To this end, systems of 5:5, 10:10, 20:20 and

40:40 were assessed in 8000 water molecules.
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The average of the potential energies after a 10 ns mdrun was taken as the potential energy
of the system. The error bars on the system are considered nonsignificant, as shown in Figure 5-13
the bars aren’t visible, this also shows that the system is at a well behaved equilibrium. Figure
5-13 shows the trend as the number of surfactants increase. The trend is linear, showing no sign of

deviation, suggesting there is no change in the energy with respect to the system size.
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Figure 5-13 - Potential energy of a 10-4-10:10-6-10 system as a function of
surfactant count.
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6. Conclusions and Future Work

6.1. Conclusions

The model presented has been successful in modeling the conformation of the beta carbon
to the delta carbon of the chain. RDFs of the 2S-3A and 2S-4A showing the peak probabilities in
regions below 0.5 nm for s = 10. Intramolecular aspects aside from the bending of the interchange
arm are consistent with what is expected of a quantum treatment of the molecule, i.e., the distance
between the alpha spacer to alpha chain (1S-1A) having a distance of around 0.25 nm and the DFT
geometry optimization of 0.249 nm. As well, rotational freedom moving further from the nitrogen

head groups, in particular the 10A and 10A’ carbons supporting the Gruen model.

The potential energy assessment in section 5.4 suggests an unphysical result when
considering the least concentrated simulation is 1.25 mM (below the CMC of the 10-4-10:10-6-10
system). Due to the random dispersion of the molecules in the simulation, the minimum
conformation observed may in fact not be the global minima (micellization may not have

occurred).

The model loses little in terms of the intramolecular interactions from the size of the
system, although there is a loss of intermolecular interactions . The model can be used to decouple
intramolecular interactions from intramolecular interactions, which may provide novel insight into
the conformational analysis of molecules across multiple fields of chemistry. Therefore, this model
may see use in ascertaining intramolecular interactions even at small system sizes with reasonable
accuracy provided the concentration is above the CMC. In the case of providing intermolecular

data the system size must be increased to minimize the chances at missed interactions.
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Thus, the study presents a model that is consistent with experimental conformation data,
but needs further study before commenting on the energetics of the system. The model is
serviceable at small system sizes if assessing only the intramolecular framework, however, caution
must be exercised when attempting to assess intermolecular data, as prominent interactions may
be lost in cutting the system size down. Admittedly, resolution either the intermolecular, and

intramolecular spectra can be improved by decoupling the spectra.

6.2. Future Work

This work details primarily, a computational review on the behaviour of mixed system
aggregates consisting of a system of two gemini surfactants. The conformational behaviour and
energetics will be compared with NMR and ITC measurements to assess the validity of
computationally simulated systems of mixed gemini surfactants. Of course it is the importance of
micelles across the different branches of chemistry that ensures we must continue to investigate
mixed micellar systems. Once we determine the accuracy of computer simulated mixed gemini

surfactants systems, the focus can shift towards applying the same model to asymmetric systems.

To further test the accuracy of the model, the f carbon must be tested against other
members of the n-CH; envelope. It needs to be determined how well RDFs of the 8 spacer predict
the conformational behaviour or if the model begins to fail as we begin to test further distances.
Preliminary ITC work suggests a nonideal mixing of N,N’-bis (dimethylalkyl)-a,o-
alkanediammonium dibromides. This nonideal mixing begs the question of assessing the same
RDFs performed in this study on families of dimerics that known to not ideally mix. Indeed,
contrasting the conformational behaviour observed in this study may provide a means for structure

performance relationships that were previously impossible. Finally, testing for the probability
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bump suggesting close proximity of the a spacer (1S) to an intermolecular w carbon (10A)
experimentally, can be performed and compared to future MD simulations. In short more RDFs

must be performed not only on this family of surfactants, but new families must be included.

Energetics of the model, while not the focal point of the model suggests that increasing the
concentration of the system, does not change the internal energy in a way besides scaling the
energy. The lack of deviation from a linear curve of potential energy would suggest that there
aren’t more favourable conformations adopted with a more concentrated system. The CMC of the
simulations is above that of the smaller system studied. The energetics of the system seem
unphysical when considering this, and so more simulations must be run to determine if any of the
results obtained are unphysical. As well, a surfactant/water ratio energetics calculation could be

performed to determine the validity of the results presented in section 5.4.

Varying the ratio of the systems in this study may provide new insight into both the
conformational behaviour, but more importantly potential energy of the system. In varying the
ratio of the system, trends presented in the simulation may show correlation to the ITC, providing
another means of linking the experimental and theoretical field of surfactants. Further ITC work
must be done to establish a trend in the change of the CMC for a 10-4-10:10-6-10 system, as the
ratio of the system is shifted from a ratio of 1:1. Further down the line, the potential energy of
ideally mixed surfactant aggregates might be tested in the same manner as this system, monitoring

the change in the potential energy curves between nonideal and ideally mixed systems.
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