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Chapter 1

Introduction

Interfacial solute/solvent interactions play a crucial role in numerous chemical processes,

spanning analytical separations [1], carbon capture [2], enhanced oil recovery [3], templat-

ing [4], battery systems [5], personal care products and beyond [6, 7]. The work discussed

herein leverages molecular simulation and other computational methods to offer fundamen-

tal perspectives on such phenomena and for the development of tools to aid in their study

and use, with specific applications towards solute retention in chromatographic systems and

uptake in nanostructured soft materials.

1.1 Simulating Chromatographic Systems

1.1.1 Background in Chromatography

Column chromatographic methods, which were developed in the early 1900’s, represent

the most prevalent analytical separation technique in existence [8, 9, 10]. Though several

different column chromatographic techniques exist, the present work will focus on liquid

chromatography (LC), in particular. The two schematics for LC, provided in Figure 1.1,

demonstrate the general premise of the approach. Essentially, a liquid “mobile phase”

is pumped through a series of pipes which connect to a chromatographic column. This

column, in turn, is connected to a detector of some type (i.e. UV, mass spectrometer,

etc.) whose purpose is to distinguish the chemicals which exit the column. The mixture of

solutes (“solute matrix”) that one wishes to separate is injected into the pipeline upstream

1
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of the chromatographic column, and is carried through the column by coersion of the mobile

phase. The solute matrix arrives to the column in a single pulse, however, separation of

solutes begins upon interaction with the contents of the column. Though flow is present in

the system, interactions between the solutes and column contents is typically understood to

be an equilibrium processes [8, 10], with solutes transferring between the mobile phase and

the stationary contents several times during their passage through the column. It is the

difference between the relative favorabilities of solute/stationary phase and solute/mobile

phase interactions that eventually result in a separation; those solutes which interact more

favorably with the mobile phase than the column will exit first, and those which interact

more favorably with the stationary phase will exit last, thus a separation is achieved based

on the difference in residence time of solutes within the column, resulting in a measured

chromatogram which may look like the example given in Figure 1.1.

The assumption that retention is an equilibrium process yields a particularly interesting

result: though retention times are the direct observable of an experimental chromatographic

separation, those times can be directly related to transfer free energies for solutes between

the stationary and mobile phases, referred to as the retention free energy, ∆Gret:

∆Gret = −RT lnKeq, (1.1)

where R, T , and Keq are the gas constant, temperature, and partition coefficient from

the mobile to stationary phases, respectively. The partition coefficient, which is typically

understood as a ratio of solute concentrations between two phases, can also be described

in terms of a capacity factor, k′, and a phase ratio, φ. These values are defined as:

k′ =
tr,S − td
td

=
[S]SPVSP

[S]MPVMP
= Keqφ

−1, (1.2)

where t is a time, V is a volume, [S]x is the concentration of solute S in phase x, and

the subscripts r and d refer to the retention time of solute S and the time it takes for an

un-retained species to pass through the column (“dead time”), respectively. In practice, φ

is an exceedingly difficult quantity to define rigorously, however, this issue can be over-

come by considering the Keq ratios between two species, rather than an absolute Keq. A

deeper discussion on φ and methods for circumventing the related difficulties is discussed

in Chapter 4, Section 4.2.2.
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Figure 1.1: A.: Schematic for a liquid chromatography setup. Arrows indicate pipes which
connect components. B.: View inside of a liquid chromatography column. Yellow circles in
the bottom left box represent silica particles. The system contained in the lower right box
corresponds to a chromatographic slit pore. Yellow, red, cyan, and white atoms correspond
to silicon, oxygen carbon, and hydrogen respectively. Grafted chains have their carbon
atoms drawn with a large radius for emphasis. C.: Example of a chromatogram. Different
peaks correspond to different chemicals, and time increases when moving from left to right.

As was mentioned above, LC is a ubiquitous analytical tool. Despite its widespread use,

however, there is still much to be learned about how analyte molecules are retained, this

being the topic of many debates within the chromatography community

[11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. To a large extent,

this is due to the plethora of existing LC methods, and the continual development of

new approaches, each having a unique retention mechanism. The typical approach when

attempting to elucidate retention mechanisms involves the use of van’t Hoff analysis and

linear solvation free energy relationships [27, 28, 29, 30, 31] (LSER’s). Analysis through

the former approach yields thermodynamic insights into the retention process, and involves

chromatograhic measurements over a range of temperatures and plotting of ln k′ vs T−1.
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The following equation is then fit to the data:

ln k′ =
−∆H

RT
+

∆S

R
+ lnφ, (1.3)

where −∆H and ∆S are the enthalpy and entropy for the solute, respectively, and a good

linear fit corresponds to φ, −∆H, and ∆S which are nearly constant over small temperature

ranges. Analysis through LSERs is performed by use of the following equation [27, 28, 29,

30, 31]:

SP = c+ vV + sS + aA+ bB + eE, (1.4)

where V , S, A, B, and E are the solute volume, solute dipolarity, H-bond donating ability,

H-bond accepting ability, and polarizabilty, respectively, c is a fitting constant, and SP

is typically chosen to be log k′. Lowercase letters v, s, a, b, and e correspond to the

difference in the ability of the the stationary and mobile phases to interact with the solute

by the properties specified for the corresponding capital letter parameter. If one wishes to

characterize a column, a solute set whose LSER parameters have been pre-defined can be

run through a column, and the resulting log k′ values can be used to fit LSER parameters

for the column.

Switching focus to the variety of available LC methods, the evolution of chromatography

began with the so-called “normal” phase (NP) configuration [32, 33]. In NPLC, a polar

inorganic oxide or cellulose serves as the stationary phase (SP), while a non-polar organic

solvent is used as the mobile phase. As one might imagine, solutes of higher polarity are

retained for longer in such columns, with less polar solutes exiting the column (“eluting”)

first. These columns are successful in retaining and separating polar analytes, however,

strong analyte-SP interactions often result in peak tailing, which limits the utility of the

NPLC approach.

Reversed-phase (RP) columns were then introduced as an alternative to NP columns,

having hydrophobic chains grafted to the NP surface [34, 35]. The mobile phase used in

RPLC is typically an aqueous organic mixture, and, true to its name, results in a solute

retention order which the reverse of what is seen in NPLC. These columns are ideal for

biological and pharmaceutical applications, however, highly polar compounds tend to be

poorly retained due to their affinity for the aqueous mobile phase.

Since the development of RPLC, numerous other liquid chromatographic methods have

been developed, including hydrophilic interaction liquid chromatography (HILIC) [36],
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which is particularly well suited for separation of polar compounds, chiral chromatogra-

phy [37], in which ligands are designed to separate solutes on the basis of their chirality,

affinity chromatography [38], which, for example, can be used to separate biological mate-

rials having specific binding sites, etc., ion-exchange chromatography [39], which separates

materials on the basis of charge properties, and size exclusion chromatography (SEC) [40],

which, in principle, separates solutes on the basis of hydrodynamic volume. Furthermore,

there have been advances in the materials used in chromatographic systems (for exam-

ple monolithic materials [41], sub micron particles [42, 43, 44], and zirconia-based parti-

cles [45, 46], to name a few) as well as how columns are leveraged (i.e. multidimensional

methods [47]).

Historically, these complex systems have primarily been studied through the use of ex-

perimental methods, however, with recent advances in computing power and methodology,

simulation based research has begun to emerge in the field of chromatography. The main

advantages stemming from use of simulation include the inherent ability of some molecu-

lar simulation methods to produce thermodynamic data simultaneously with microscopic

structural data, and the ability to study systems at conditions that are not accessible in

experiments. Focusing for a moment on the latter, experimental researchers can be lim-

ited by factors such as phase and solute decomposition or unreasonably slow/fast retention

times, however, these issues do not exist in simulation, which can be useful when attempt-

ing to develop fundamental retention trends. Furthermore, simulation methods can be

described as an exceedingly powerful microscope, as coordinates of every atom in the sys-

tem are directly observable. In the next section, we will briefly examine findings from recent

simulation-based RPLC studies.

1.1.2 Review of Previous Simulation Studies

Due to limitations in computing power at the time, early simulations of chromato-

graphic systems focused on solvent-free stationary phases [49, 50, 51, 52]. Solvent was later

introduced into the chromatographic simulations [53, 54, 55] and was found to significantly

The contents of this section draw significantly from a review article for which primary contributions
were made by the present author [48]
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alter chain structure [56], and exhibit a tendency to adsorb to the chain interface. The

solvent was also shown to be capable of forming filaments that bridge between the solvent

hydrogen bonded to the substrate surface, and solvent in the bulk mobile phase [57, 58, 59].

While inclusion of mobile phase leads to markedly different structure compared to chains in

vacuum, alteration of the mobile phase composition has been shown to have a much more

subtle effect. Chains were shown exhibit a broad distribution of orientations at all compo-

sitions [60], rather than exhibiting a strong preference for a single orientation, and become

slightly less ordered in solvent containing higher concentrations of organic modifier [60].

Furthermore, the organic component tends to enrich at the chain/solvent interface [57, 61].

These studies also addressed a long-standing debate within the community, which was

whether the significant changes in retention observed when moving from highly organic to

highly aqueous mobile phases was due to phase-collapse [62, 63], showing that chains did

not exhibit drastic changes, and suggesting that instead, significant losses in solvent wetting

at the chain/solvent interface is the likely culprit.

Studies of the influence of chain length on pore structure [64] have shown that longer

chain phases exhibit a slightly higher degree of disorder, in terms of both fraction of gauche

defects and order parameter (a measure of chain orientation with respect to the substrate

normal) in the central region of the chain. To some extent, the apparent increase in disorder

is due to the ability of longer chains to fold back on themselves. Furthermore, dewetting

at the interface was found to be slightly reduced by longer chains. The influence of chain

grafting density has also been studied, and the following has been found: increased grafting

density leads to decreases in solvent accessible surface area [65, 66], and begins to exclude

solvent from the interior of the stationary phase chains [54, 55]. Furthermore, higher graft-

ing densities were shown to lead to a slightly stronger enrichment of organic at the interface

and increased chain homogeneity across the silica surface [65]. Uniformity of grafting sites

has been shown to have a significant effect on chain structure at lower grafting density [67],

where clustering of chains can lead to chain structure comparable to that at higher grafting

densities [68].

The results discussed to this point have all corresponded to a planar slit-type pore, which

can be considered to relate to large diameter pore having low curvature, however, there have

been simulation studies which examine higher curvature, cylindrical pores [69, 70, 71]. From
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an experimental standpoint, pores exhibiting higher curvature require higher operating

pressures in order to achieve solvent penetration [63]. Simulation results have found that

increased curvature lead to chains that are far more extended, and exhibit significantly

lower density near the surface of the silica [71]. When compared to a planar slit pore,

residual silanol sites were found to be present in greater quantities for equivalent chain

grafting density, as was solvent in the vicinity of the substrate. The increase in penetrating

solvent was not found to be due to the increase in H-bonding sites (in curved surfaces,

silanol sites tend to be geminal, and thus H-bond to one another), but instead due to the

increase in the amount of space between chains, close to the substrate interface [71].

The influence of temperature, pressure, and pH have also been examined through sim-

ulation. Pressure is found to have a very small effect below 1000 atm, but has been

shown to induce a slight ordering and compression of the grafted chains, an increase in

enrichment of organic component at chain/solvent interface, and slightly more H-bonds

to surface silanols [67, 71]. Temperature is generally found to increase disorder in the

chains [53, 72, 73]. Altering the operation pH of an RPLC column can lead to ionization

of silanol groups, and the presence of free cations near the substrate surface. These cations

are shown to sit at ionized silanol sites, and greatly enhance water penetration, while ex-

cluding nearly all organic solvent, fairly independent of solvent composition, though water

does remain depleted at chain/solvent interface [71]. Furthermore, ions are found to induce

stronger ordering at base of SP chains, leading to a stronger alignment with surface normal,

fewer gauche defects, and a larger end-to-end distance.

Embedded polar (EP) groups are often introduced into RPLC grafted chains to improve

separation of polar compounds. Simulation studies of systems containing ether- and amide-

type embedded polar groups [71, 74] demonstrated that they can alter pore structure by

increasing solvent penetration and thereby, solvent H-bonding to substrate silanols. These

moieties were also shown to increase overall solvent wetting at the chain/solvent interface,

while reducing enhancement of the organic component. Furthermore, EP groups were shown

to encourage extension and ordering of chains, and to lead to overall smaller tilt angles with

respect to the interface normal.

Solutes (in particular, methane) were first introduced into these chromatographic sim-

ulations in the late 1990’s [75, 76]. Beyond simply providing predictions of retention free
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energies, these simulations also produced solute location-dependent free energy profiles,

yielding valuable insights into the preferred location of solutes within the retentive pore.

These simulations studies represent some of the first steps in relating system microstructure

(rather than using thermodynamic extrapolations) to provide insights into the retention

mechanism in RPLC. Since that time, numerous studies have been conducted, predicting

incremental retention free energies for significantly more complex solute series, in excellent

agreement with experimental results [64, 66, 71, 74, 77, 78]. These findings have helped to

determine the driving forces in RPLC, and to understand how those driving forces change as

a function of, for example, mobile phase composition. In this document, chromatographic

simulation work will focus on developing similar insights for pressurized hot water RPLC

systems, and towards development of a computational tool to aid in column selection for

multi-column separations.

1.2 Simulating Surfactant Systems

1.2.1 Surfactants as Solute Carriers

Surfactants represent an incredibly versatile class of chemical compounds, which are found

in everything from injections for enhanced oil recovery [3] to our own lungs [79]. The utility

of these amphiphilar molecules lies in their ability to decrease surface tension between

otherwise highly insoluble species, and to create microemulsions having diverse but tunable

micellar structures. Indeed, a surfactant solution can form a variety of thermodynamically

stable microemulsions under the right conditions; for example, by heating a 50/50 weight

percent mixture of water and pentaethylene glycol mono-n-dodecyl ether (C12E5), one can

observe hexagonally packed rod micelles, spherical micelles, and a (layered) lamellar phase,

to name a few [80]. Furthermore, surfactants can form monolayers exhibiting their own rich

phase diagrams, which have utility in sensor applications [81] and as simplified models for

biological bilayers [82].

Beyond versatility in micelle structure, surfactants also exhibit significant diversity in

chemical composition. For example, the C12E5 surfactant mentioned above belongs to the

“polyoxyethylene” class of non-ionic surfactants, and by simply changing the number of

alkyl (“C”) or oxyethylene (“E”) groups, one can manipulate accessible micellar structures,
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by way of changing preferred interfacial curvature [80, 83]. Ionic surfactants exhibit similar

tunability, where decreasing salt concentration has an effect comparable to increasing the

number of “E” groups in a polyoxyethylene surfactant.

Research on surfactant solutions has been conducted in several areas. In fields geared

towards industrial applications, for example, one is often concerned with the uptake of

pigment or fragrant compounds for personal care formulations [6, 84], where product texture

and viscosity are also of importance [85]. As such, there have been tremendous advances in

phase diagram mapping [80, 83, 86, 87], development of mathematical and thermodynamic

models relating surfactant and microemulsion structure [80, 88] and characterization of

corresponding mechanical properties [85]. These phase diagrams, which typically focus

on surfactant/water or surfactant/oil/water systems at varied temperature, have become

measureable largely due to advances in spectroscopic [86, 87, 89] and NMR methods [90, 91],

but are still quite difficult to determine.

In pharmaceutical research, on the other hand, a common theme is solubilization of

drug molecules in spherical-type micelles [92, 93, 94, 95, 96]. Towards this front, there has

been extensive work done with the aim of understanding the thermodynamics of solute

partitioning into micellar structures. This type of study typically involves measurement

of micelle/water partition coefficients for solutes, which are then used to develop linear

solvation free energy relationships (LSERs), as discussed in section 1.1. In this application

LSER parameters correspond to either the solute, or the micellar phase, and while this

approach is very useful for identifying trends in solubility [94, 96, 97], which can help

guide formulation scientists, LSERs are based on the assumption of infinite diliuton, which

is not always valid for practical applications [98]. Nevertheless, many suggestions have

been put forth regarding the mechanism of solute uptake in surfactant materials, as will

be discussed in Chapters 6 and 7. Both of the aforementioned surfactant research areas

would benefit from a fundamental and systematic understanding of how solute uptake and

micellar structure are interrelated. Given the immensity of physiochemical space, however,

this would be a very expensive experimental undertaking, whether in terms of chemical

resources, human cost, or generated waste. Computer simulations, on the other hand,

provide a feasible means to begin to tackle this problem.
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1.2.2 Towards Large Scale Studies

Over the past 100 years, computers have transitioned from cumbersome collections of vac-

uum tubes only accessible to a select few, to extremely compact and affordable devices.

Furthermore, trends in computing resources have faithfully followed Moore’s law [99], being

orders of magnitude more powerful than they once were. With the advances and increased

affordability of these machines, molecular simulation tools have concomitantly become more

sophisticated, and are being used to solve some of the world’s most challenging problems in

science, technology, enginering, and mathmatics [100, 101, 102]. In the realm of surfactant

research, advances in simulation tools have manifested through introduction of enhanced

sampling techniques [103, 104, 105, 106], new algorithms [107, 108], and coarse-grained force

fields specifically designed for the study of surfactant systems and their micellar phase tran-

sitions [109, 110].

Coupled with the recent interest in large scale screening of materials (i.e. The Nanoporous

Materials Genome Center [111] or The Materials Project [112]), one might envision a sim-

ilar initiative for soft materials, such as those formed by surfactants; the aim of such a

study would entail construction of a database of phase diagrams, solubility data, mechan-

ical properties, etc.. Though such an initiative for soft materials is still far off (the fluid

nature of soft materials requires more advanced computational resources for large scale

studies), steps towards this eventual goal can be made by attempting to refine the related

simulation details (viz. the protocols). For example, with the multitude of force field reso-

lutions available, it would be very beneficial to know where the trade off between accuracy

and efficiency lies. Along similar lines, one needs to be aware of how simulation approach

impacts the computed result.

Given the relevance of surfactant materials, several simulation studies have already

been conducted, which are quite useful for guiding future work. Given large length and

time scales over which structured surfactant materials exist (i.e. micrometer and microsec-

ond, respectively [113, 114]), much of the early computational studies focused on use of

coarse grained “toy” models, designed not for quantitave agreement with any specific sys-

tem, but rather for elucidation of trends in structure and phase transitions. These early

simulations often also employed the use of lattice models, making possible the study sys-

tems which would otherwise be considered prohibitively large, at the time. For example,
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in 1992, Larson used lattice Monte Carlo simulations to study the phase transitions in

model surfactant/oil/water systems, and was able to observe spherical micelles, hexago-

nally packed rods, lamellae, and bicontinious phases [115]. Several years later, Floriano et

al. used a coarse grained force fields in conjunction with lattice Monte Carlo in an open

(grand canonical) ensemble, where surfactants were allowed to enter and exit the simula-

tion box [116]. Using this approach, Floriano et al. were able to predict the critical micelle

concentrations (CMC) for their models and compute micelle size distributions at a given

surfactant chemical potential. Toy coarse-grained models have also been used to study the

influence of alcohol-type molecules on the structural integrity of model bilayer systems [98],

the influence of solutes on micelle formation [117], the influence of head group geometry

on micelle shape [113], and in attempts to understand the abnormally high D2O reflec-

tivity experimentally observed in neutron scattering experiments for air/surfactant/water

systems [118].

More sophisticated coarse-grained force fields have been developed since then [119, 120],

which are intended to reproduce physical properties of specific chemicals. For example, the

Shinoda-DeVane-Klein force field has been parameterized to model polyoxyethylene and

alkylbenzene sulfonate surfactants as well as linear alkanes, alcohols, ethers, benzene, phe-

nols, and fullerene, and have been used extensively to study surfactant system phase transi-

tions [109, 110, 121, 122, 123]. Still others have conducted simulations using generic all-atom

force fields, in attempts to gain structural insights at a higher resolution. As an example,

Faeder et al. examined the structure and dynamics of water confined in reverse micelles

of varing radius, and found that the structure varied significantly as a function of distance

from the interior surface [124]. Stephenson and coworkers used all atom simulations in

a particularly interestingly way, using structural insights from ibuprofen/surfactant/water

simulations to inform a predictive thermodynamic model of micelle composition and ibupro-

fen solubility as a function of surfactant concentration [93]. In the present work, protocols

will be developed for both coarse-grained and molecular simulations of solute loading in sur-

factant systems, and insights into the relationship between solute uptake, system structure,

and stability will be discussed for both unary and binary solute matrices.



Chapter 2

Theory and Methods

Discussions in Chapter 1 hinted at the fact that, often times, scientific insights are limited

by the tools at hand. Indeed, scientists are only as powerful as the techniques they wield,

thus the next chapter will focus on developing background in the primary tools utilized in

this body of work. First, statistical mechanics will be reviewed, allowing for discussion of

the Monte Carlo simulation approach utilized in the present work. From there, advanced

algorithms which enhance simulation precision and efficiency will be introduced, followed

by an overview of the force fields leveraged.

2.1 Statistical Mechanics

Suppose one desires to describe the equilibrium properties of a large system having a con-

stant number of particles, volume, and temperature. One way this might be accomplished

is by treating this large system as a collection of several smaller systems, having consistent

properties. For example, consider a collection of small systems, each having the same fixed

volume, number of particles and energy. Suppose then that this collection of systems is

immersed in a large temperature bath, allowed to reach thermal equilibrium, removed from

the bath, and then insulated. All small systems now have the same temperature, although

each system may have a unique energy. At this point, the collection of small systems,

12
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henceforth referred to as an “ensemble,” has the following features:

ns∑
i

Vi = VT,

ns∑
i

Ni = NT,

ns∑
i

Ei = ET, (2.1)

where the summations are over ns, which is the number of systems in the ensemble, and

V, N, and E, correspond to volume, number of particles, and energy, respectively. The

subscript “T” refers to the total values for the ensemble.

To progress further, the first postulate of statistical mechanics must be applied [125],

which states that, for an ensemble having fixed N, V, and E, each system may be in any of

the ensemble’s accessible energy states. Worded otherwise, each small system can exhibit a

unique value of energy (so long as total ensemble energy is conserved), and energy states

can be described in terms of occupancy, a. For example, if three systems have energy

ε = 4, then the occupancy of the energy state ε = 4 is said to be 3. Thus, the energy sum

in equation 2.1 can be rewritten as:

ET =

nε∑
i

aiεi, (2.2)

where the summation is now over energy states, ai is the occupancy of energy state i, a

is the set of all ai for a given set of systems (a = {a1, a2, a3...}), and the sum of all ai
in a is equal to the number of systems in the ensemble, ns. There are many a which

satisfy equation 2.2 while summing to ns, thus it can be said that, given a set of occupation

numbers for an ensemble, a, the fraction of systems in energy state ai is ai/
∑nε

i ai = ai/ns.

The second and third postulates of statistical mechanics [125], which state that an

ensemble average is equivalent to a time average, and the weighted average of a mechanical

property over all accessible states of an ensemble is equivalent to the a thermodynamic

property, can now be used to extract experimental measurables from the ensemble. In

order to do so, the number of possible a for the ensemble must be determined. For a

set of distinguishable objects (such as ai’s), statistics states that the number of possible

arrangements is given by:

W (a) =
(
∑nε

i ai)!∏nε
i (ai!)

=
ns∏nε

i (ai!)
, (2.3)

thus, considering that the energy state of a system can be described by ai belonging to
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many a, the overall probability that a system is in a state ai is given by:

Pi =
ai
ns

=
1

ns

∑na
j W (aj) aij∑na
j W (aj)

, (2.4)

where na is the number a that satisfies equation 2.2. Any ensemble average property, M ,

can then be computed by:

M =

ε∑
i

MiPi, (2.5)

where Mi is the value of the property of interest in state i. A caveat of equations 2.4

and 2.5 is that the sum over a is very large, making these equations exceedingly difficult

to compute. To overcome this, a convenient feature of W (a) is utilized, namely that it is

sharply peaked about a single maximum value when ns is large, and has the greatest value

when all ai are equivalent. The implication of this is that there exists a single distribution,

a∗ with a1 = a2 = a3... = a∗i , that corresponds to the most probable distribution for the

ensemble. Furthermore, when ns is large, a not equal to a∗ become negligible, allowing

equation 2.4 to be rewritten as:

Pi =
1

ns

W (a∗) a∗i
W (a∗)

=
a∗i
ns

=
ai
ns
, (2.6)

and what remains is to find a∗i . To do so, the Legrange method of undetermined multipliers

is applied in conjunction with Stirling’s approximation and the maximum term method to

yield [125]:

Pi =
a∗i
ns

=
exp (−βεi)∑nε
i exp (−βεi)

(2.7)

where β can be shown to be equivalent to 1/kBT , and the summation in the denominator is

commonly referred to as the “canonical” partition function, QNV T . The current formulation

of QNV T has been derived for quantum mechanics, and thus is given as a discrete summa-

tion, but as the classical limit is approached, it may be written as a continuous function:

QNV T =
1

N !h3N

∫
. . .

∫
exp

[
−H (p, q)

kBT

]
dp dq. (2.8)

where h is Planck’s constant, H is Hamiltonian, which is the sum of potential and kinetic

energy, and p and q are the momenta and coordinates for the system, respectively, where

the integrals are over all possible coordinates and momenta. By separating kinetic and
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potential energy in the Hamiltonian and integrating over momenta, QNV T can be further

simplified to:

QNV T =
1

N !Λ3N

∫
. . .

∫
exp

[
−U (q)

kBT

]
dq =

1

N !Λ3N
Z (2.9)

where Λ is the de Broglie wavelength, U is the potential energy, and Z is the configurational

integral. Within the context of the present work, Monte Carlo simulations are utilized in

an attempt to compute Z.

2.2 Metropolis Monte Carlo

Before delving into the details of Monte Carlo (MC), the concept of “phase space” must

be introduced. Phase space is a collection of momenta and coordinates that specify every

possible configuration of a given system [126]. In a Cartesian formulation, at any given

time, a system’s location within this space can be specified with a set of 6N coordinates,

corresponding to px, py, pz, qx, qy, and qz for each of the N particles in a given system;

as was shown above, the configurational integral is related to the set of q = {qx, qy, qz} of
a system’s phase space coordinates.

The second postulate of statistical mechanics states that, for adequate sampling of phase

space, the ensemble average is equivalent to the time average, which is what allows methods

such as molecular dynamics (MD) and MC to be used to predict macroscopic properties;

however, due to the deterministic nature of MD, situations may arise wherein adequate

phase space sampling is not achieved over reasonable simulation lengths. For example, if

large energetic barriers exist between to sequential phase space coordinates, a deterministic

simulation may become trapped, hampering sampling. Similarly, if the phase space of a

system is very large, it may take a considerable amount of time for a molecular dynamics

simulation to sample all relevant locations therein. Monte Carlo methods can overcome

these barriers because sampling (i.e. system evolution) is dependent on the probability to

be in a given state rather dynamics, thus, a MC simulation can hop between likely states,

despite the potential that they are very far apart or may be separated by large energy

barriers.

In its simplest form, MC is a sample-mean integration method [127], which is conducted

through repeated random system perturbations, followed by acceptance or rejection of the
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attempt, according to some acceptance rule. The most straightforward application, then, is

to make use of equations 2.5, 2.7, and 2.9, yielding the following for a canonical ensemble,

when the integrals over all phase space coordinates are replaced with a sum over system

configurations (Γ), which gives:

MNV T ≈

∑nΓ
i Mi exp

(
−Ui
kBT

)
exp

(
−Ui
kBT

) = M sim, (2.10)

where nΓ is the total number of configurations in the set Γ such that Γ = Γ1,Γ2,Γ3...ΓnΓ In

reality, however, this approach is highly inefficient, as only a small fraction of configurations

contribute significantly to the sums. With this in mind, one may choose to use an improved

approach such as importance sampling. In this framework, configurations are now chosen

from a distribution, ρ(Γ), which is known to contribute significantly to the sums.

The challenge, now, is to define ρ(Γ) such that i. the partition function need not be

known, and ii. states are sampled according to ρ(Γens). This can be achieved through

use of the Metropolis MC scheme [128]. Here, a so-called “Markov chain” of states is

utilized [126, 127], in which each state depends only on the previous state. This chain can

be described through the following:

ρ2 = πTρ1, (2.11)

such that:

ρn = πn−1
T ρ1, (2.12)

where in the above, ρ is a probability distribution containing the probabilities for a system

to be in a given state ρ(Γi), πT is the stochastic probability matrix, whose elements, πij ,

describe the probability to transition from ρ(Γi) to ρ(Γj), and where πij has the property

that
∑

j πij = 1, and the superscript on πT implies the number of applications. As suc-

cessive applications of πT approach infinity, a distribution is achieved for which further

applications return the same distribution. The distribution, Γ∗, which satisfies this condi-

tion ρ(Γn) = πTρ(Γn) is known as the limiting distribution, and once this condition is met,

the system is said to be at steady state. At this point, the system has achieved “detailed

balance,” signifying that the Markov chain is ergodic, meaning any state of the system can

be accessed [126, 127].



17

At this point, one needs to find the πT which yields the limiting distribution. To aid in

this process, an additional, unnecessarily strong constraint is applied:

ρ(Γi)πij = ρ(Γj)πji, (2.13)

which is known as “microscopic reversibility [126, 127].” Utilizing this, and recalling the

significance of πij (namely that it is the probability to transition from a state i to j),

equation 2.13 can be rewritten as:

ρ(Γi)αijPij = ρ(Γj)αjiPji, (2.14)

where αij is called the “underlying matrix [126, 127],” and gives the probability to attempt

a move from i to j, and Pij is the probability to accept that move.

The Metropolis method requires a symmetric underlying matrix [128], such that αij =

αji, allowing Equation 2.14 to be rewritten as:

ρ(Γi)Pij = ρ(Γj)Pji. (2.15)

Using the canonical ensemble as an example, it was shown that:

ρi = exp

(
−Ui
kBT

)
Q−1
NV T , (2.16)

thus:
ρ(Γi)

ρ(Γj)
=

exp(−Ui/(kBT ))

exp(−Uj/(kBT ))
= exp(−∆U/(kBT )), (2.17)

where Ui is the energy of configuration Γi, demonstrating that QNV T , need not be calcu-

lated. From this point, Metropolis suggested the following acceptance rules [128]: if the

probability to be in state j is greater than that to be in state i, accept the transition to

state j; otherwise, accept with the probability emerging from equation 2.17.

2.3 The Gibbs Ensemble

In the above section, the Metropolis Monte Carlo method for simulations in a canonical

(NV T ) ensemble was derived. In practice, however, this ensemble is of limited use, as many

phenomena of interest occur at constant pressure (rather than volume), thus one might

consider use of an isobaric-isothermal ensemble (NpT ). Furthermore, simulations in the



18

NV T or NpT ensemble, which are limited to a a closed system, can become problematic

if one desires to study problems relating equilibria of bulk phases. For example, if one

desires to study the equilibrium of a vapor and liquid, a very large simulation box having

an explicit interface would be required. An efficient alternative to the aforementioned setup

involves introduction of an open “Gibbs” ensemble [107, 108]. In such an approach, multiple

simulation boxes are utilized, having no explicit interface, but being in thermal, chemical,

and mechanical equilibrium with each other.

The partition function for a multicomponent Gibbs–NpT ensemble can be derived fol-

lowing an approach similar to what was done for the canonical ensemble, where now the sys-

tem is allowed to fluctuate in volume, and has an additional constraint relating to the sum of

molecules of each component. The result is the following partition function [107, 108, 126]:

∆N1,N2,...Nc =

ns∏
i

ncomp∏
j

1

Λ3NijNij !

∫
V
Nij

i exp

(
−pVi
kBT

)
dVi

×
∫

exp

(
−U(sNij ;L)

kBT

)
dsNij

(2.18)

where the first and second products are over number of interacting systems and number of

components and s corresponds to the system coordinates when scaled by the length of the

simulations box, L. The following acceptance rules emerge for the Gibbs ensemble [107,

108, 126]:

1. Particle displacement:

Pacc = min

[
1, exp

(
−∆U

kBT

)]
(2.19)

2. Volume change for a single box from state o→ n

Pacc = min

[
1, exp

(
−∆U − p∆V + kBTN ln(Vn/Vo)

kBT

)]
(2.20)

3. Particle exchange from box A→ B

Pacc = min

[
1,

NAVB

(NB + 1)VA
exp

(
−∆UA −∆UB

kBT

)]
(2.21)
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where Pacc is the probability to accept the perturbation and the subscripts “o” and “n”

refer to the new and old configurations, respectively. The first acceptance rule recovers

equation 2.17, and ensures thermal equilibration of the system, while the second rule leads

to mechanical equilibration. The first rule is common to all ensembles, and the second with

the NpT ensemble, whereas the third rule is unique to a Gibbs ensemble and allows for

chemical equilibrium between two systems which are not in direct contact.

2.4 Enhanced Sampling Techniques

Monte Carlo simulation methods offer extreme flexibility in choice of sampling technique,

and one’s choice of sampling approach has a significant influence on the resulting simulation

efficiency. In this section, an overview of advanced sampling methods utilized in the present

work will be discussed.

2.4.1 Transfer Free Energy and Biasing Potentials

Computation of the free energy of transfer of a solute between two phases can yield valuable

insights into the thermodynamics of solute uptake. Because free energy is a state function,

the process of transferring species i between coexisting phases A and B can be broken down

into two components: the free energy of solvation for species i in phase A, ∆GA
i , and the

free energy of solvation for species i in phase B, ∆GB
i . These solvation free energies can be

defined as [129]:

∆GA
i = µ∗Ai − µ

∗g
i , (2.22)

where µ∗Ai and µ∗gi are the pseudo chemical potential of i in phase A and an ideal gas phase,

respectively. In this context, the pseudo chemical potential is defined as [129]:

µ∗xi = µxi − kBT ln(ρxi Λi), (2.23)

where the pseudo potential of i in phase x, µ∗xi describes the change in free energy when

a solute is inserted into phase x at a fixed position, the rightmost term corresponds to a

“liberation free energy,” for when the solute is released from its fixed position, and µxi is the

true chemical potential for the solute in phase x. The variables ρxi and Λi are the number

density of i in phase x and the de Broglie wavelength for species i.
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The transfer free energy for i from phase A to B can then be computed through:

∆GA→B = ∆GB
i −∆GA

i

= (µ∗Bi − µ
∗g
i )− (µ∗Ai − µ

∗g
i ) (2.24)

= µ∗Bi − µ∗Ai .

Using equation 2.23, equation 2.24 can be rewritten:

∆GA→B = µB
i − kBT ln(ρB

i Λi)− µA
i − kBT ln(ρA

i Λi). (2.25)

Recalling the condition of chemical equilibrium, namely that µA
i = µB

i , equation 2.25 re-

duces to simply:

∆GA→B = −kBT ln

(
ρB
i

ρA
i

)
. (2.26)

In many systems of interest the solute can have very low solubility in one or more of

the phases. From the MC standpoint, low solubility in a phase means that the probability

to observe the solute in that phase is low, and that exceedingly long simulations would be

required to collect adequate statistics (observations) to provide reliable values of ρi [130].

It turns out, however, that a simple trick can be used to circumvent this problem. By

introduction of a uniform biasing potential on i in troublesome phases, the solute can

be forced to spend an equal amount of simulation time in each phase, greatly enhancing

sampling efficiency [66]. Furthermore, the influence of the biasing potential on the resultant

free energy can be immediately accounted for through:

∆G2→1 = ∆Gbiased
2→1 − (E1 − E2), (2.27)

where ∆G∗2→1 is the free energy resulting from the biased simulation, and Ej is the biasing

potential applied to phase j.

2.4.2 Molecule Identity Switch

Introduction of biasing potentials encourages acceptance of particle transfer moves by com-

pensating for the large transfer free energies that can be present for a solute between

coexisting phases. An additional way to boost the acceptance rate is to circumvent the
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simultaneous problems of solvent cavitation and solvent/solute association. Consider a sys-

tem where the transfer of a homologue series of linear alcohols, ranging carbon chain length

from one to ten, between a bulk water and vapor phase. Because of its small size, methanol

will have the least trouble finding volume to insert itself into, however larger molecules like

decanol will struggle to find ample volume in the new phase. Furthermore, the transfer

of hydrogen bonding solutes from, for example, vapor to hydrogen bonding solvent phases

can be troublesome if the solute is not able to form sufficient hydrogen bonds to offset

the loss of entropy experienced when moving from a vapor to condensed phase. A way one

might circumvent this issue is through introduction of molecule identity switch (or “swatch”)

moves [66, 131, 132]. Here, in contrast to particle transfer moves, which “swap” an entire

molecule between boxes, a pre-specified pair of solutes which occupy different simulation

boxes have their identity exchanged. For example, if methanol and ethanol are chosen as a

swatch pair, the ethanol molecule in its phase has a segment removed and has its interaction

parameters converted to those of methanol, and vice versa for the methanol molecule. This

approach can be expanded to the following:

CH3OH
CH2−−−⇀↽−−− CH3CH2OH

CHx−−−⇀↽−−− ...
CH2−−−⇀↽−−− CH3(CH2)9OH, (2.28)

where CH2 is a methylene segment. Relating this to the previous discussion of transfer free

energies, this approach allows for the transfer free energy of decanol to be computed by

only swapping methanol, which yields a reference free energy, and using swatch moves on

intermediate molecules to obtain incremental free energies for the addition of interaction

sites. This approach which will be shown to be quite useful in Chapter 4.

2.4.3 Configurational-bias Monte Carlo

In practice, most interesting problems involve molecules with complex structures, which

necessitates introduction of advanced MC move types for sampling of molecular conforma-

tions. Perhaps the most intuitive way to go about this is to simply perform atom trans-

lations, however, this approach can be highly inefficient. Intramolecular interactions tend

to have high energetic penalties associated with small perturbations from the equilibrium

structure. For this reason, atom translations tend to be limited to very small displace-

ments [126]. Molecular conformation also comes into play when attempting to insert a
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flexible molecule into a condensed phase, as is often done in the Gibbs ensemble. As one

might imagine, the probability of accepting a rigid insertion of a large flexible molecule into

such a phase has a very low acceptance probability. Thus, what is needed for this type of

MC move is a “smart” method for inserting a molecule while allowing its conformation to

change.

Introduced in the early 1990’s as an extension of the Rosenbluth and Rosenbluth ran-

dom walk algorithm for lattice polymers [133], configurational-bias Monte Carlo (CBMC)

provides an efficient method to sample molecular conformations in continuous space [104,

105, 106]. In this approach, structures are sampled by selecting a molecule, removing all

(or some portion) of it, and attempting to re-grow the eliminated segments in a new con-

formation through a series of several trials. In order to demonstrate how this algorithm

works, we will consider the complete regrowth of a linear molecule having rigid bonds, and

ns segments, following the approach of Vlugt et al. [105]; a move which might be attempted

when transferring a molecule between simulation boxes in a Gibbs ensemble. The first task

at hand is to place the first segment of the chain, s0. This is accomplished by randomly

generating sites within the simulation box. One of the trial sites, is then selected for further

development with the following probability:

P place
s0,t

(t) =
exp

(
−βUNB

s0,t

)
wnew
s0

, (2.29)

where P place
s0,t

(t) is the probability to choose site t from the set of t trial locations for

placement of the first segment. In the above, UNB
s0,t is the non-bonded energy of s0, and

wnew
s0 is the Rosenbluth weight of the set of trials, t, given by:

wnew
s0 =

nt∑
t=0

exp
(
−βUNB

s0,t

)
, (2.30)

where nt is the number of generated trial sites. With the first segment placed, the remaining

units are grown sequentially, through the following procedure. Let i be the index of the

segment being grown. Rather than generating trial sites randomly as was done for the s0,

si sites are generated based on the Boltzmann weight of the resulting conformation:

P generate
si,t

(t)dt =
exp

(
−βUB

si,t

)
dt∫

exp
(
−βUB

si,t

)
dt
, (2.31)
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where UNB
s0,t is the intramolecular energy of the chain being regrown. A trial site is then

selected for si using the criteria given in 2.29, and replacing s0 with si. This process

is repeated until all segments of the chain are regrown, resulting in the following total

probability (P grow,new
chain )and Rosenbluth factor (W grow,new

chain ) for chain regrowth:

P grow,new
chain =

ns∏
i=1

P place
i,tchoose

P generate
i,tchoose

, (2.32)

and

W grow,new
chain =

ns∏
i=1

wnew
i . (2.33)

In equations 2.32 and 2.32, the product is over grown segments, and the probabilities on

the right-hand-side of equation 2.32, are for the chosen trial of the ith segment.

Before the move can be accepted or rejected, the bias introduced while regrowing the

chain must be removed. To do so, a total Rosenbluth weight,W grow,new
chain is computed for the

old configuration by repeating the entire regrowth process for nt − 1 trials, and using the

chain old configuration for the nth
t trial. The probability for the old and new configurations

are then given by:

Pnew = W grow,new
chain P grow,new

chain and Pold = W grow,old
chain P grow,old

chain (2.34)

resulting in the following acceptance rule:

Pacc = min

[
1,
W grow,new

chain

W grow,old
chain

]
, (2.35)

where Pacc is the probability to accept the entire regrowth.

Since its initial creation, the CBMC algorithm has been continually improved and in-

creased in complexity. The first major advancement of the algorithm was incorporation

of a “coupled-decoupled” growth [134], allowing for application to branched molecules. In

order to understand how this extension functions, consider a pseudo molecule, which takes

the form of the carbon atoms in 2-methylbutane. If one was to regrow the two terminal

units bonded to the branch point (“A” and “B”), three angles and two dihedrals would need

to be specified, where the three angles include the angle between groups (“A” and “B”).

In a coupled-decoupled growth, each angle would be determined independently, and in a
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fashion decoupled from determination of the torsion, and selection of the torsion then be

coupled with the non-bonded contributions to energy. In departure from previous methods,

use of this approach for branched molecules leads to angles which are all generated on the

proper distribution, prevents the need to simultaneously regrow entire molecules such as

the pseudo branched molecule described above (which is highly inefficient), and increases

the number of trials that can be attempted for angle generations at a given computational

expense.

Aiding further in simulation efficiency, “dual-cutoff” CBMC was introduced [134]. This

supplementation further increased the efficiency of CBMC calculations by using a shorter-

ranged non-bonded interaction energy when computing P generate, and then correcting for

the truncated energy the acceptance rule. The final variety of CBMC to be discussed

here, “self-adapting-fixed-endpoint,” or “SAFE” CBMC [135] presents a solution to the

difficult task of regrowing interior segments of molecules, which is particularly useful when

simulating structures that are cyclic, of large molecular weight, and/or tethered to a surface.

This extension introducing a guiding bias, which drives the regrowth to a point where the

molecular structure is not broken; without this guiding bias, the probability of closing the

structure would be prohibitively low.

2.5 Molecular Mechanics Force Fields

In order to compute the energies or forces required to drive a molecular simulation, a set

of equations and corresponding parameters known as a force field (FF), is required, which

describes the inter- and intra-molecular interactions between molecules. The nature of a

force field (i.e. the functional form and parameters) is a key component to determining the

accuracy of a simulation. As an example, consider a molecular angle bending vibration.

Many force fields treat these vibrations as harmonic, despite the fact that they are better

captured through an anharmonic representation. The assumption of angle harmonicity

holds reasonably well for most molecules at typical simulation conditions, where vibrations

remain close to the potential minimum, however problems can arise at extreme conditions

(i.e. geothermal), where an angle becomes more likely to sample high-energy conformations.

In principle, one could exclusively use models which treat all angles anharmonically, however

an important factor to keep in mind is the balance between force field complexity (which
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is often correlated with performance) and computational expense/usability.

Generally, force fields can be described by extent of resolution, where higher resolution

yields finer microscopic details, but lower resolution allows for larger simulations. For ex-

ample, in the “all-atom” description (AA), each atom has its own interaction site. The next

level of resolution is the “united-atom” class (UA), where hydrogen atoms not belonging to

polar functional groups are combined with their parent heavy atom to create a single inter-

action site; for example, methane would be treated as a single bead. From there, force fields

colloquially referred to as “coarse-grained” (CG), generally refer to any resolution having

multiple heavy atoms combined into a single interaction site, and that can potentially be

used to study systems on the mesoscopic level (i.e. falls between micro- and macroscopic).

The present work heavily utilizes the Transferable Potentials for Phase Equilibria (TraPPE)

force field [134, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145]. In contrast to the bulk of

existing force fields, which are generally parameterized only at ambient or biological con-

ditions (Charmm [146], Amber [147], and Gromos [148], to name a few), the TraPPE force

field is specifically designed to reproduce phase equilibria over a wide range of temperatures

and pressures, and as such, is particularly well suited for studies of uptake and retention.

Another particularly noteworthy aspect of the TraPPE force field is, as its name suggests,

transferability. Rather than requiring unique parameters for every single atom, bond, angle,

and dihedral, depending on the parent molecule, TraPPE defines atoms as building blocks

that can be used to construct a variety of different molecule types.

The TraPPE-UA force field, which assumes energy is a pair-wise additive quantity, is

comprised of a non-bonded and a bonded component, where the former contains terms for

van der Waals and Coulomb interactions, while the latter contains terms for bonds, angles,

and torsions. The non-bonded component of the force field between two interaction sites

takes the following form [137]:

Enon−bonded = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πε0rij
, (2.36)

where Enon−bonded, εij , σij , and rij are the non-bonded energy, potential well depth, average

bead diameter, and interaction site separation distance, respectively, while qi and ε0 are

the partial charge of species i, and the permittivity of vacuum, respectively. The first

term of equation 2.36 is called the Lennard-Jones potential [149], and the second term, the
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Coulomb potential. The Coulomb potential is particularly long ranged, decaying as r−1
ij ,

and is typically handled in one of two ways. In the first approach, known as the “group-

based-cutoff” method, molecules are divided into smaller groups having net-zero charge. In

this way, interactions between groups can be considered as multipole-multipole interactions,

rather than point charge-point charge interactions, resulting in a decay which goes as r−3

at the slowest, corresponding to dipole/dipole interactions. The Ewald summation [127]

approach provides a more accurate method, at the cost of higher computational expense. In

this approach, charge interactions are broken into long and short range interactions, where

the former are handled in reciprocal space (where the summation over interactions rapidly

converges) and the latter, in real space.

The bonded component of the TraPPE-UA force field generally has the form [137]:

Ebonded =

angles∑
i

kθ
2

(θeq − θi)2 +

bonds∑
i

kr
2

(req − ri)2 +

dihedrals∑
i

terms∑
n=0

an (1 + cos(nφi)) , (2.37)

where Ebonded, kθ, θeq, and θ are the bonded energy, angle bending force constant, equilib-

rium bond angle, and bond angle, respectively. The values kr, req, r, ai, and φ correspond

to the bond stretching force constant, equilibrium bond distance, bond distance, fourier

constant, and dihedral angle, respectively. In the TraPPE-UA force field, bonded potential

parameters are either taken from experiment or extracted from relaxed quantum mechan-

ical energy surface scans of the relevant degrees of freedom. Note that traditionally, the

TraPPE-UA force field assumes rigid bonds (i.e. the second term of Equation 2.37 is set

to zero). Non-bonded parameters for the TraPPE-UA force field are typically fit to vapor-

liquid coexistence data, though recently additional fitting properties have been included

such as the dielectric constant, triple point, and binary phase equilibria [150].

The Shinoda-DeVane-Klein (SDK) coarse grained force field [109, 110, 121, 122, 123]

is also used for a significant portion of surfactant based work in this dissertation. This

force field typically uses a two- or three-to-one heavy atom to interaction site mapping (i.e.

propane would be represented as a single bead), and three water molecules are treated as

a single interaction site. The SDK force field was chosen for the coarse-grained surfactant

simulations because it has been specifically designed for use in such systems, and has been

demonstrated to perform well in such applications [114]. Furthermore, it has been developed

specifically to reproduce surface tension data, which is one of the major aspects contributing
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to surfactant/solvent/solute phase behavior and solubility.

The SDK force field is also pair-wise additive [109], with the non-bonded component of

force field taking the form of a Mie potential [151], as is shown below for a pair of interaction

sites i and j:

Enon−bonded =

(
n

n−m

)(
n

m

)m/(n−m)

εij

[(
σij
rij

)n
−
(
σij
rij

)m]
, (2.38)

where n andm control the range of van der Waals interactions, and all other parameters are

as given in equation 2.36. The n,m parameters are taken to be 12,4 for any interaction with

water, and 9,6 otherwise. Coulomb interactions are not included, which, when combined

with the reduced number of interaction sites required to describe a molecule, significantly

enhances computational efficiency, while still providing microscopic-level details. Bonded

interactions are only specified through harmonic two- and three-bead interactions, like those

given in equation 2.37, and are fit to structural data generated from all-atom simulations.



Chapter 3

An Iterative Configurational-Bias

Monte Carlo Annealing Approach for

Semi-Automated Fitting of

Intramolecular Bonded Potentials

Acceptance of computer simulations as a laudable means of chemical research has grown

significantly in recent years, with the 2013 Nobel Prize being awarded to Martin Karplus,

Michael Levitt, and Arieh Warshel for their contributions towards simulation models for

chemical systems [152], and the 2016 American Chemical Society Meeting having the central

theme of “Computers in Chemistry” [153]. This surge of interest has lead to a significantly

increased demand for molecular mechanics force fields which are diverse, accurate, and user

friendly. For those working in force field development, this demand has driven continual

development of parameter sets to improve existing descriptions of chemical compounds [154,

155, 156, 157, 158]. In general, however, the process of force field fitting is difficult and

tedious and has created a market for new force field development tools [159, 160, 161, 162,

163, 164, 165].

Historically, the bonded components of molecular mechanics force fields, such as bonds,

angles, and dihedrals, were either taken from experimental data or obtained by fitting force

28
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field functions directly to quantum mechanical (QM) scans of the degree of freedom (DOF)

of interest [136, 146, 166, 167, 168, 169, 170], however, both of these cases suffer from the

assumption that conformational DOF are decoupled, which can lead to strained structures

in complex molecules. Furthermore, approaches such as those mentioned above result in

parameters which depend on the chemical composition of the entire molecule rather than

just neighboring atoms, meaning the resulting force field is not inherently transferable (i.e.

parameters can not necessarily be used as building blocks to describe new compounds).

Recently, approaches have been developed which attempt to address the issue of fitting

bonded potentials for coupled degrees of freedom. For example, Guvench et al. developed

a simulated annealing tool which simultaneously fits all of the torsional potentials within a

given molecule [159]. This method is particularly well suited to capture concerted dihedral

rotation in flexible cyclic compounds, however, it only fits across a single molecule at a time

and does not account for angle/dihedral, bond/dihedral, or bond/angle coupling. Grimme

created QMDFF software, which simultaneously fits all degrees of freedom within a single

molecule through a series of QM-based calculations [161]. This program addresses the issue

of coupled DOF within a molecule, but is non-transferable and uses an unconventional force

field form. Betz et al. created Paramfit software, which uses hybrid minimization/genetic

algorithm to address several of the aforementioned issues, providing simultaneous fits and

doing so using a relatively small set of QM calculations, however, the program is limited to

the AMBER force field [160].

Here, we attempt to build upon the aforementioned approaches to develop a method

which i. can capture concerted motion due to coupling between DOF, ii. is mindful of non-

bonded contributions to conformational energy (i.e. interactions such as Pauli-exclusion,

van der Waals attraction, Coulomb contributions, etc.), iii. is aware of existing parameters

and thus can be used to fill gaps in existing force field parameters, and iv. is flexible with

respect to force field form and interfacing software.

The remainder of the chapter is divided as follows: A basic overview of the fitting

approach is provided in Section 3.1, while characteristics of the approach are discussed in

Section 3.2. Sample applications are provided in Section 3.3, followed by conclusions in

Section 3.4.
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3.1 Method Overview

The present approach, referred to herein as the Iterative Configurational-bias Monte Carlo

Simulated Annealing (ICBSA) method, makes use of the Monte Carlo algorithm [128],

described in Chapter 2, Section 2.2, the configurational-bias algorithm [104, 105, 106, 134],

described in Chapter 2, Section 2.4, and the simulated annealing approach [171, 172], which

drives approximate global optimization of a target function. The ICSBA works as follows:

First, a set of force field equations and a molecule set are specified. Because this method is

only intended for fitting bonded DOF, parameters for non-bonded interactions are treated as

fixed values. A set of initial guess parameters are then provided for the bonded potentials,

which can be approximations stemming from existing force fields, experimental data, or

values obtained from exploratory QM calculations. The molecule set and corresponding

parameters are then used to generate a collection of perturbed configurations for each

molecule; in the present work, this is accomplished by running a short configurational-

bias Monte Carlo (CBMC) calculation on each isolated molecule. The CBMC approach is

particularly well suited for this type of application due to its ability to quickly generate

uncorrelated structures in a fashion that is uninhibited by, for example, the presence of

high rotational barriers that may be found for some molecules, however in practice, other

structure perturbation methods such as atom translations or molecular dynamics could also

be utilized. In the next step, the QM energy (EQM) and non-bonded molecular mechanics

(MM) energy (EMM,NB) are computed for each structure. If a united-atom (UA) force

field is being used, where hydrogen atoms not belonging to functional groups are excluded,

the missing hydrogen atoms are added to the structure and have their positions optimized

during the QM energy calculation. Following, the new set of bonded parameters are fit

through simulated annealing, which aims to minimize the difference between EQM and the

sum of bonded and non-bonded molecular mechanics energies, EMM,B + EMM,NB.

The annealing process progresses according to the following acceptance criteria:

Pacc = min

[
1, exp

(
−Fnew − Fold

kBTA

)
,

]
(3.1)

where kB is the Boltzmann constant, TA, is the annealing temperature, and F is a fitness

function. The annealing temperature is decreased throughout the ICBSA calculation, that

drives acceptance of new parameter sets, which increase F with a progressively smaller
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probability. The fitness function is given by:

F =

√√√√√√√√
nmolecs∑
i=0

nconf∑
j=0

wij

[
EQM

ij −(EMM,NB
ij +EMM,B,FIT

ij )
nDOF,i

]2

nmolecs∑
i=0

nconf∑
j=0

wij

, (3.2)

where nmolecs, nconf , and nDOF are the number of molecules, number of configurations per

molecule, and the number of degrees of freedom in each molecule, respectively. The QM

energy, MM non-bonded energy, and MM bonded energy from the current fitting parameters

are given by EQM
ij , EMM,NB

ij , and EMM,B,FIT
ij , respectively. The weights, wij , are defined as:

wij = exp

[
−EQM

ij

kBTw (nDOF,i)

]
, (3.3)

where Tw is the weighting temperature. Throughout the annealing process, parameters for

the bonded force field are randomly perturbed, and the resulting new sets are accepted or

rejected according to 3.1. Maximum displacements in each parameter type are decreased

at the end of each cycle, which, in combination with the decreasing temperature, damps

fluctuations in parameter values. Due to the random nature of the Monte Carlo method,

final resulting parameters may not reflect the parameter set that had the smallest fitness,

so throughout the annealing, “best” parameters are tracked.

3.2 Software Capabilities and Characteristics

The present software is designed to be flexible in terms of annealing controls, force field

form, and interfacing software. Currently, two cooling schedules for TA are supported:

TA = T0 exp (−τC/nC) , (3.4)

for exponential temperature programming or

TA = T0 (1.0− C/nC) , (3.5)

for linear programming, where T0 is the initial annealing temperature, τ is the decay con-

stant, for which larger values yield more rapid cooling, C is the current cycle, and nC is
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the total number of cycles. Additionally, weighting within the fitness function is optional;

if weighting is not requested, all wij are set to 1.

Fully supported non-bonded force field equations include harmonic bonds and angles

(Equation 3.6), and either Charmm- or Ryckaert-Bellemans-type dihedrals (Equations 3.7

and 3.8), respectively [146, 173]:

Eharmonic =
k

2
(xeq − x)2 , (3.6)

ECharmm = c0 +

n∑
i=1

ci [1 + cos (iφ+ δ)] , (3.7)

ERyckaert−Bellemans = c0 +
n∑
i=1

ci
[
cosi (φ− δ)

]
, (3.8)

where in Equation 3.6, xeq and k correspond to force constants and equilibrium values,

respectively. In Equations 3.7 and 3.8, ci, φ, and δ are the Fourier constants, dihedral

angle, and phase shift, respectively. Ancillary support is also included for Morse bonds and

anharmonic type bonds and angles.

Calculation of QM energies is currently supported for Gaussian09 [174] and NWChem

[175] packages, and in the present work, CBMC structure generation and calculation of

non-bonded energies is accomplished through the use of MCCCS software [176], however,

any tool that can produce .xyz format structure files and can compute molecular mechanics

energies can be readily utilized. Decoupling of the annealing portion of the code from the

MM energy calculation allows for complete flexibility in the nature of the non-bonded aspect

of the molecular mechanics force field, in contrast to other similar semi-automated fitting

software [160, 161]. Furthermore, this software has been programmed using object-oriented

C++, meaning that extensions to include other bonded potentials forms can be readily

accomplished.

The accuracy of parameters generated by the ICBSA method is dependent on the com-

patibility of the target potential energy surface (PES) and the functional form of the force

field, while the efficiency is dependent on the quality of generated structures. The latter

point is the primary reason the approach is iterative; if generated structures are poor, the

resulting QM energies to which the force field is being fit can correspond to regions of the
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PES which are not well captured by the form of the MM force fields, and, if weighting is

being used, contribute minimally to the MC acceptance rule. Alternatively, if the gener-

ated structures are not distinct enough, features such as dihedral maxima may not be well

captured. Somewhat related, choice of weighting function can also influence results. For

a harmonic bond or angle, one typically desires to fit preferentially to the minima, which

would favor a low weighting temperature. In contrast, one typically desires to capture both

minima and maxima for a dihedral potential fit, meaning a relatively higher weighting tem-

perature would be desirable, particularly when large rotational barriers are present. One

such way this can be circumvented is by performing each annealing run in several pieces,

where one alternates between annealing dihedral potentials with a relatively high weight-

ing temperature, and annealing bond/angle potentials with a lower weighting temperature.

This approach will be discussed in more detail in the following section. Additional consid-

erations for annealing efficiency include the allowed size of parameter space and the choice

of T0. To the former point, it is possible that physically unreasonable parameter sets can

yield relatively good F values. Thus, by bounding possible parameter choices, one limits

the annealed results to values which are most likely to capture realistic system physics. To

the latter point, the higher T0, the more likely that accepted parameters will move far away

from the initial guess; thus, if one assumes that the initial parameter guess corresponds to

a force field which is not far from the target PES, a high T0 can be counterproductive.

3.3 Sample Applications

As a first sample application, an ICBSA calculation is run for a simple parameter-recovery

test case. Here, an eight-bead chain having two bead types, either end-type (ET) or interior-

type (IT) is utilized, resulting in two bond types (ET–IT and IT–IT), two angle types

(ET–IT–IT and IT–IT–IT), and two dihedral types (ET–IT–IT–IT and IT–IT–IT–IT). For

this application, rather than fitting to a QM-derived PES, a psuedo-PES is created using

harmonic bonds and angles, and Charmm type dihedrals. Because the fitting force field

equations exactly capture the physics of the target system, this test allows for demonstration

of method performance when the MM force field form adequately captures QM physics.

One hundred configurations are generated for the chain molecule through random atom

perturbations and dihedral rotations. Only a single iteration is performed, consisting of
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Table 3.1: Allowed annealing parameter ranges.

kmin kmax xmin xmax

Bondsa 250× 103 350× 103 1.52 1.57
Anglesb 50× 103 120× 103 108 117

n cmin cmax

Dihedralsc 4 −3000 3000
aValues for k are given in K, while x are given in Å.
bValues for k are given in K, while x are given in degrees.
cValues for c are given in K.

20× 103 annealing cycles of 5000 MC steps (i.e. annealing temperature is decreased after

each 5000 MC steps). An exponential cooling schedule is used with an initial temperature

of 10 and a τ of 4; weighting is not used. Initial parameter guesses are chosen to be in-

tentionally poor, to demonstrate recovery of generating parameters, and were constrained

to the ranges listed in Table 3.1. Figure 3.1 provides the an overview of the ICBSA calcu-

lation. Despite the initially poor correlation between the configuration energies produced

from the initial guess parameters, and the target energy, the annealing procedure is able to

locate parameters which recover the target configuration energies very well. Figure 3.1 also

shows a typical feature of simulated annealing approaches; best fitness decreases rapidly in

the early stages of the annealing run, but exhibit a decreasingly steep slope as the calcu-

lation progresses. This behavior is related to the relative ease of finding parameters which

decrease F early in the calculation, when parameters are poor, relative to the later stages,

in combination with the decrease in maximum parameter displacement as the calculation

progresses.

In the next sample application, parameters are annealed for united-atom linear alkanes.

The fitting molecule set is comprised of ethane, propane, butane, and octane, and molecules

are described by a combination of CH3 and CH2 bead types, yielding 3 unique bond types,

and 3 unique angle types. For this fitting procedure, dihedrals are only considered unique

on the basis of the central bond, thus the present linear alkane set contains only a single

dihedral type. One hundred configurations are generated for each of the fitting molecules

by selecting every 100th structure for each compound from a 10,000 step CBMC simulation
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Figure 3.1: Top: comparison of the target energy, Etarget for each configuration of the
eight-bead chain with the energy computed for each configuration based on parameter
initial guesses, Einitial guess (left) and the annealed parameters Efit (right). The diagonal
line is drawn as a guide to the eye and represents perfect correlation (i.e. has an intercept
and slope of 0 and 1, respectively). Each data point corresponds to one of the 100 generated
structures for the chain molecule. Bottom: Trajectory of the best fitness over the course of
the annealing calculation.
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on the isolated molecule, at 300 K. The QM energies are taken from single-point energy

calculations of each structure computed using the Gaussian09 software suite [174], where

hydrogen positions are allowed to optimize, if added to the structure.

The annealing procedure involves 3 full iterations (i.e. configuration generation and

annealing), where the first iteration uses parameters from the TraPPE-UA force field as an

initial guess; for bonds, which are assumed rigid by the TraPPE-UA force field and thus do

not contribute to the energy, k is assumed to be 300×103 K. Note that parameters for these

annealing calculations are also constrained by the values listed in Table 3.1. In any given

iteration, 6 annealing calculations are performed, each consisting of 40× 103 cycles of 5000

steps, and using a τ of 4. The first two calculations in any given iteration use T0 = 100,

while the next and last two use T0 = 10 and 1, respectively; odd numbered calculations

use Tw = 100 and hold dihedral parameters fixed and even calculations use Tw = 1000 and

hold bond/angle parameters fixed. The “best” parameter set resulting from each of the six

calculations are used as input for the next calculation. Alternate schemes where Tw were

held at an intermediate value and all parameters were allowed to fluctuate were also tested,

however alternating between low and high weighting temperatures in the present fashion

was found to result in better simultaneous capture of harmonic minima and Fourier series

maxima/minima.

Figure 3.2 provides a comparison of the correlation between the QM-derived energy and

the total MM energy for the initial guess of the first iteration to the final parameters yielded

by the third iteration. As with the previous sample application, annealing leads to much

better reproduction of the target (in this case, QM) energies. In contrast to the previous

sample calculation, however, the present annealed parameter set predicts energies for each

configuration which are less correlated to the QM values, at higher energy. This results

from use of weighting, and is intentional; unlike the previous case where the physics of the

target and fitting PES’s were identical, the molecular mechanics used here do not replicate

the full quantum physics of alkane molecules. For example, bonds and angles all exhibit

a small amount of anharmonicity, which is not captured by the harmonic fitting functions

used here.

To ensure that the improved correlation shown in Figure 3.2 is not due to gratuitous

cancellation of errors, Figure 3.3 provides a direct comparison between QM scans of each
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Figure 3.2: Comparison of the QM energy for each configuration of each of the linear alkanes
in the fitting set with the energy computed for each configuration based on parameter initial
guesses (left), and the energy based on annealed parameters (right). The diagonal line is
drawn as a guide to the eye and represents a perfect correlation (i.e. has an intercept and
slope of 0 and 1, respectively). Each data point corresponds to one of the 100 structures
generated for a given molecule in the annealing set.

bond, angle and dihedral type in the present set of fitting molecules, along with the MM

energies predicted for the corresponding structure, by the annealed parameters. A few

important results emerge from this figure, the first being that the annealed parameters

capture the QM PES shape very well. Furthermore, this figure demonstrates that the

assumption that dihedrals containing the same central bond are identical works reasonably

well for linear alkanes. More importantly, however, the data demonstrate that the ICBSA

can be used to fit shared parameters across multiple molecules, simultaneously.

As a final example of ICBSA method performance, parameters are annealed for a

collection of molecules containing –CH(CH3)– type branch points, namely isobutane, 2-

methylbutane, and 2,3-dimethylbutane. Using the same bond/angle/dihedral description

convention as for the linear alkanes, this set of branched molecules has 4 bond types, 4

angle types, and 2 dihedral types, however the CH2–CH3 bond type is held fixed at the

annealed value from the linear alkanes. Other than the use of 6 iterations (rather than 3),
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Figure 3.3: Relaxed scans for bonds, angles, and dihedrals in the linear alkane fitting set.
The black line provides the QM energy when a given bond, angle, or dihedral is fixed at the
value specified by the x-axis, and the rest of the molecule is optimized. The magenta circles
are the MM energy predicted for the same exact structure, using annealed parameters.

annealing, calculations are run using the same protocols as the linear alkanes.

Comparisons between the QM and MM energies for each configuration are provided in

Figure 3.3. Once again, correlation between QM and MM energies are greatly enhanced

by the annealing process. Overall, the correlation is not as high as for the linear alkanes,

however, due in part to the increase in anharmonicity of the bonds and angles. Building

upon what has been learned from the previously discussed annealing examples, the present

results indicate that the ICBSA method can also be applied to more complex structures,

and can yield reasonable results even when the form of the force field and the true PES are

somewhat mismatched.
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Figure 3.4: Comparison of the QM energy for each configuration of each of the branched
alkanes in the fitting set with the energy computed for each configuration based on parame-
ter initial guesses (left), and the energy based on annealed parameters (right).The diagonal
line is drawn as a guide to the eye and represents a perfect correlation (i.e. has an intercept
and slope of 0 and 1, respectively). Each data point corresponds to one of the 100 structures
generated for a given molecule in the annealing set.

3.4 Conclusions

A tool has been developed which introduces the ICBSA method for semi-automated fitting

of the non-bonded component of molecular mechanics force fields. The present work has

demonstrated that the ICBSA method works well when the the physics of the target system

and the form of the force field are compatible. In departure from existing methods for

automated and semi-automated fitting of the non-bonded portion of force fields, the ICBSA

method is able to identify candidate parameters for groups of several molecules at a time,

for which parameters may overlap. The tool is designed to be versatile with respect to the

form of the non-bonded force field by decoupling the annealing process from calculation of

the non-bonded energy. Furthermore, the tool is programmed in an object-oriented fashion,

making addition of new bonded force field equations straightforward, and can interface with

multiple QM software packages.
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Chapter 4

Elucidating the Driving Forces in

Pressurized Hot Water

Reversed-Phase Liquid

Chromatography

4.1 Introduction

With the recent push towards greener practices in chemistry [177], separation scientists are

looking to replace common organic solvents with safer, environmentally friendly alterna-

tives. Within the field of chromatography, this has manifested as an increased interest in re-

placing the aqueous-organic solvents used in reversed-phase liquid chromatography (RPLC)

with neat, pressurized hot water (PHW), giving rise to the PHW-RPLC mode [178]. In a

conventional RPLC regime, hydrocarbon chains (C8–C30), which are grafted to nanoporous

silica particles act as a stationary phase and an aqueous organic solvent serves as a mobile

phase, resulting in retention times which are typically longer for hydrophobic compounds

than those that are hydrophilic. Heating the neat water mobile phase has a few benefits

including improved eluting strength (i.e., solutes exit the column faster) and decreased

viscosity, however, the PWH-RPLC method is not without difficulties. In a typical RPLC

41
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separation, the hydrophilic character of the mobile phase can be tuned by modifying sol-

vent composition, temperature, and to some extent, pressure. This ability is of particular

importance, as solutes can become “stuck” in the stationary phase or to be retained too

weakly, if the solvent and stationary phase character differ by too much. While retention

can be tuned by adjusting temperature and pressure in PHW-RPLC, the mobile phase only

contains a single, highly lipophobic component. Moreover, the effects of varying T and p

are not immediately obvious. For example, increasing T can decrease the penalty associ-

ated with inserting a solute into a condensed phase (i.e. the cavitation entropy) however

increasing p has the potential to counter this effect.

Due to the ubiquitous nature of RPLC, numerous studies have been conducted both

experimentally and through the use of computer simulations, with the aim of elucidat-

ing the mechanistic and thermodynamic factors contributing to retention [1, 48, 179, 180].

The literature on PHW as a mobile phase for RPLC, however, is not nearly as mature

or comprehensive as for more common solvents, and generally falls short in one of two

ways: either the knowledge gained is not general enough to be applied to other systems,

or the insights gained do not provide detailed microscopic explanations for the observed

macroscopic and thermodynamic trends. To a large extent, this is due to experimental

limitations associated with PHW-RPLC. For example, development of stationary phase

materials with the robustness necessary to handle high T and p conditions is still a re-

cent advancement [41, 42, 43, 44, 45, 46, 181, 182, 183, 184, 185], meaning that earlier

experimental studies would be limited by phase decomposition. Additional experimental

difficulties include solute decomposition, and prohibitively long retention times when run

with highly non-polar solutes. While simulations can circumvent these problems, there have

been a lack of studies for the PHW-RPLC system, to date.

Nevertheless, many valuable insights into this system have been made. Much of the

foundational work in the area of PHW-RPLC was focused on the observation that increasing

the temperature of a neat water mobile phase leads to retention which was consistent with

experiments run at lower temperature (298–328 K) and with organic modifiers [186, 187].

Coupled with the observation that increasing the temperature of a neat water mobile phase

decreases cohesive energy and dielectric constant, researchers arrived to the conclusion

that the decreases in the polarity of the solvent and disruption of the H-bonding network
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could be achieved by both heating a neat water mobile phase and through introduction

of organic modifier [188, 189, 190, 191]. Later studies showed, however, that this was an

incomplete picture. For example, it was demonstrated that the T -dependent selectivity

changes in PHW-RPLC do not coincide with those observed upon addition of modifier,

suggesting that the mechanism is quite different between the two systems [192]. More

recent studies [178, 193, 194], which have focused on the retention mechanism in PHW-

RPLC, have suggested that changes in H-bonding is the dominant factor affecting retention

behavior, and for this reason, the PHW-RPLC mechanism appears more similar to that

of RPLC utilizing H-bonding organic modifier (which is more comparable to a neat water

solvent than to a non-H-bonding organically modified solvent). It has also been suggested

that T -induced increases in stationary phase wetting can decrease retention [193].

The present work distinguishes itself from previous work in the area of PHW-RPLC

by leveraging molecular simulations to provide a more fundamental view of the effects

governing retention in PHW-RPLC. Because partitioning of solutes into stationary phase

chains can contribute significantly to the retention mechanism in RPLC systems [195], it can

be useful to employ a simplified bulk partitioning setup, such as hexadecane (C16)/water

as approximation of the chromatographic system. In addition to simplifying a considerably

complex system, this framework allows researchers to address otherwise obfuscated details,

such as whether retention is driven by solvophobic or lipophilic interactions, [11, 12, 196,

197] in other words, whether retention is driven by unfavorable interactions between the

solute and the mobile phase, or by favorable interactions of the solute with the stationary

phase. Furthermore, a C16/water framework can offer insight into solvent-based extraction

and uptake processes. Thus, in addition to simulation data for a PHW-RPLC slit pore, the

present work will also include simulations of bulk PHW-C16 systems.

4.2 Simulation Details

4.2.1 System Description and Force Fields

In the present work, simulations are used to study the transfer of n-alkanes (CH4–C4H10)

and 1-alcohols (CH3OH–C4H9OH) between a neat water phase, an ideal gas reservoir, and

one of two retentive phases: either bulk C16 or a chromatographic slit pore, at temperatures



44

C16 Pore Water 

PHW-C16 system PHW-RPLC system 

Figure 4.1: Simulation setup for PHW-C16 and PHW-RPLC simulations. The vapor box
has been excluded for clarity. Yellow, red, white, and cyan beads correspond to silicon,
oxygen, hydrogen and carbon beads, respectively.

ranging from 323 to 473 K and pressures from 30 to 300 atm. Figure 4.1 provides a schematic

for the system setup. The pore box is 90 Å in length and contains two roughly 35× 35 Å

planar substrates, corresponding to the (1,1,1) surface of β-cristobalite, separated by 70 Å

along the z-direction. Dimethyl octadecylsilane (ODS) chains are grafted to these surfaces

at a density of 2.9 µmol/m2, leaving residual silanols at a surface density of 4.8 µmol/m2.

One solute of each type is introduced into the system, as is enough water to maintain a

mobile phase box of roughly 403 Å3 and fill the regions of slit pore box, which are not

occupied by silica or stationary phase chains. Further details of this setup are described

previously [198].

The MCCCS-MN software [176] is used to drive the isobaric isothermal Gibbs en-

semble [107, 108], coupled-decoupled configurational-bias Monte Carlo simulations [104,

106, 134]. Solutes and water are allowed to transfer between each phase, but hexadecane

molecules are confined to their respective box due to their low solubility in water. The

chromatographic pore stationary phase silica and grafted chains and similarly confined to

the pore box. Particle transfer via swap and identity exchange moves [66, 131, 132] between

the three phases ensures chemical equilibrium, while volume fluctuations (in all but the slit

pore) and particle translations/rotations/conformation changes allow for mechanical and

thermal equilibrium, respectively. Volume moves are attempted with a probability 2/N ,

where N is the number of molecules in the system excluding silica atoms, resulting in ≈ 1
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accepted volume move per cycle, where 1 cycle is equivalent to N Monte Carlo moves. Vol-

ume, particle swap and identity exchange moves have a cumulative probability of 0.3, where

swaps and identity exchanges occur with equal probability, and the remaining 0.7 of moves

are distributed among configurational-bias, translation, and rotation moves, according to

the degrees of freedom in the system. Stationary phase chains, which are tethered to the

silica surface, undergo conformational changes with the additional help of the self-adapting

fixed-endpoint (SAFE) CBMC algorithm, which allows for regrowth of interior segments of

a chain [135]. Direct particle transfers between two condensed phases are not allowed, due

to the low acceptance rates associated with moving a solute between two dense phases -

instead, the ideal gas (IG) reservior serves as a transfer medium. Additionally, a uniform

biasing potential is applied to each solute in each condensed phase box to ensure sufficient

sampling of all three phases, while allowing no more than two solute molecules in the reten-

tive phase, on average [66], and to ensure that predicted solute retention is not influenced

by the presence of other solutes.

The TraPPE-UA [106, 137, 141], and TIP4P water [199] force fields are used in con-

junction to describe solute, mobile phase, and stationary phase chain interactions, while a

zeolite force field [200, 201] is used to describe silica atoms. All simulations use a cutoff

distance of 10 Å and the Ewald summation technique is used to compute long-ranged elec-

trostatics, with a screening parameter of κ = 3.2/rcut and Kmax = int(κLbox + 1) for the

upper bound of the reciprocal space summation [127]. Eight/sixteen independent simula-

tions were run for each condition in the PHW-C16/PHW-RPLC systems, consisting of at

least 100,000 cycles of equilibration and 500,000 cycles of production.

Thermal expansivities and isothermal compressibilities are also computed for neat C16

and PHW phases. These values are obtained by running CBMC simulations in the isobaric-

isothermal ensemble for an 80 molecule neat C16 system, and a 1500 molecule neat water

system. Thermal expansivities are computed by running simulations at p = 30 atm and T =

323, 373, 423, and 473 K, while isothermal compressibilities were computed from simulations

run at T = 423 K and p = 30, 100, and 300 atm. Derivatives were evaluated through

finite differences. Equilibration and production were run for 50,000 and 100,000 cycles,

respectively. Cumulative move type probabilities were distributed as (volume, CBMC,

translation, rotation) = (0.1, 0.4, 0.7, 1.0) and (0.0003, 0.0, 0.5, 1.0) for the C16 and PHW
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phases, respectively, where 20% of the CBMC moves attempted for the C16 phase were

executed using the SAFE-CBMC algorithm, and eight independent simulations were run at

each condition. All errors provided in this work correspond to the 95% confidence interval,

taken across independent simulations.

4.2.2 Data Interpretation and Analysis

One of the primary objectives of this work is to compute the retention free energies, ∆Gret

of solutes between retentive stationary and mobile phases, “RP” and “MP” respectively.

Obtaining these values for the bulk partitioning system is straight forward, and can be

accomplished via:

∆Gret = −RT ln

(
ni,RPVMP

ni,MPVRP

)
= −RT ln(k′φ), (4.1)

where R, T , and ni,y are the gas constant, temperature, and number of molecules of species

i in phase y. The terms k′ and φ are the capacity factor and phase ratio, and are equivalent

to ni,RP/ni,MP and VMP/VRP, respectively.

The phase ratio is an easily defined quantity for the PHW-C16 system due to the

distinct and homogeneous nature of each phase, however, the PHW-RPLC pore contains

regions which correspond to both the RP and MP, as is shown in Figure 4.2. Thus, one

must take structure into consideration when attempting determine φ. Experimentally, φ

is an exceedingly difficult quantity to determine, so instead, studies focus on measurement

of incremental free energies (∆∆G), which correspond to the change in free energy that

results from addition of a given moiety. In other words, the incremental retention free

energy between species i and j can be written as:

∆∆Gret,j→i = −RT ln(k′iφ)−RT ln(k′jφ), (4.2)

where the phase ratios cancel out.

In the present work, ∆∆G values are computed through the following: first a ρ(z) profile,

which has been symmetrized across the pore, is constructed for the solute of interest, i. The

ρ(z) profile will approach the number density of the bulk MP at the center of the pore,

indicating the presence of bulk-like solvent. If integrated in its current state, the resulting

ni,RP will also contain solutes belonging to the mobile phase, such that, if the pore box
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Figure 4.2: Schematic of how ni,RP and ni,MP are defined for use in computation of incre-
mental free energies. The black line corresponds to the symmetrized density profile for a
solute, i across the slit pore. The blue shaded region defines the mobile phase portion of
the slit pore, while the green shaded region corresponds to the stationary phase portion.
This figure has been adapted from a presentation prepared by Jake L. Rafferty.

length was extended towards infinity, so would the resulting ni,RP, despite the additional

solute density corresponding to the mobile phase. To account for this effect, we define the

mobile phase region of the slit pore box as the portion which extends from the retentive

phase/mobile phase interface to the center of the box.

The number of solutes in the retentive phase is then defined as:

ni,RP =

∫ 0.5zmax

0
ρ(z)dz −

∫ 0.5zmax

zint

dz, (4.3)

where the first integral goes from the silica surface to the middle of the pore. The second

integral goes from the retentive phase/mobile phase interface to the center of the box and

gives ni,MP. Note that in the present work, the location of the interface is taken to be

the midpoint of the 10/90% region of the symmetrized solvent density profile within the

slit pore and incremental free energies, such as ∆∆GCHx and ∆∆GOH, correspond to the

change in retention free energy a solute experiences upon the addition of a CHx or OH

group, respectively.
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Figure 4.3: Incremental transfer free energy for a methylene segment. For any given tem-
perature, the textured wide column, solid light column, and solid dark column corresponds
to VAP→WAT, VAP→C16, and VAP→ODS transitions, respectively.

4.3 Results and Discussion

4.3.1 Alkane Partitioning and Retention

Separation scientists often use the concept of solvophobicity and lipophilicity to understand

the driving forces behind solute retention [11, 12, 13, 14, 34, 197]. In this framework, if

one assumes a polar MP, sufficiently apolar solutes will be driven out of the mobile phase,

causing the solute to be retained by the RP. Along similar lines, if a solute has a sufficiently

high affinity for the RP, it will be pulled into the stationary phase, driving a higher retention.

In this way, solvophobicity and lipophilicity can be rationalized as the tendency for a

solute to be either “pushed” from the mobile phase or “pulled” into the stationary phase,

respectively. These two effects can be evaluated by studying the incremental free energy

of a methylene unit in the system, ∆∆GCHx,ret. Assuming the process of transferring a

solute from the MP to RP can be broken into two components, VAP→MP and VAP→RP,

a positive ∆∆GCHx,VAP→MP is indicative of a solvophobic driving force, whereas a negative

∆∆GCHx,VAP→SP indicates a lipophilic driving force.

Figure 4.3 provides the incremental free energies for transfer of a CHx unit. Where
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comparisons are available, data are in good agreement with experiment and previous sim-

ulations. For example, experimental measurements of ∆∆GCHx,ret and ∆∆GCHx,VAP→C16

for a WAT-C16 system at conventional RPLC conditions have yielded values of −3.84 and

−2.70 kJ/mol, respectively [197], while previous simulations have computed respectively

values of −3.768 and −2.711 kJ/mol [196], in excellent agreement with the values of −3.843

and −2.676 found in the present work. Furthermore, measurements for a PHW-RPLC

system utilizing an ODS stationary phase found ∆∆GCHx,ret to be −2.7 ± 1.3 kJ/mol

for T = 453 − 468 K [178], compared to the present value of −2.547, for T = 473 K,

while simulation studies for the WAT-RPLC system at conventional conditions have yielded

∆∆GCHx,ret = −3.6 kJ/mol [78] compared to −3.93 in the present work. Note that errors

for previously published work have been included where available.

Focusing on data as a function of temperature, it is apparent that all transfers from

the ideal gas to mobile phases result in positive free energies, meaning the CHx units are

pushed out of the mobile phase by solvophobic driving forces. At the same time, transfers

from the ideal gas to stationary phases remain negative, indicating that CHx units are

simultaneously pulled into the stationary phase through lipophilic forces. As temperature

is increased, the strength of solvophobic and lipophilic forces are decreased, resulting in

incremental retention free energies that are less favorable. Increases in ∆∆GCHx , such as

those seen here, are a desirable trait, and indicate prevention of the overly-long retention

times one would expect for alkanes when a neat water mobile phase is used. Quantitatively,

results are found to be comparable between the PHW-C16 and PHW-RPC systems at all but

the highest temperature. The solvophobic view of retention in chromatographic systems [34]

was developed based on the observation that solute retention involving RPLC retentive is

highly sensitive to mobile phase phase composition. The present work indicates changes

in lipophilicity are relatively larger than solvophobicity as temperature is increased, in

agreement with experiment for similar systems [178], and with a more recent description of

retention, which also accounts for the role of changes in the stationary phase character [11].

As was mentioned in the introduction, alteration of operation temperature in PHW-

RPLC is used to tune the separation whereas mobile phase concentration would be used in

conventional RPLC. Changes in mobile phase composition in conventional RPLC generally

has little effect on ∆∆GCHx,VAP→RP, however changes in ∆∆GCHx,VAP→MP when adding
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Figure 4.4: PHW-RPLC system density profile (top) and propane K(z) (bottom) at 423 K.
A z-coordinate of zero corresponds to the silica surface.

30% molfraction organic modifier (i.e., methanol or acetonitrile) to a neat water mobile

phase is enough to change the retention mechanism from a combination of solvophobic

and lipophilic driving forces, as is observed for PHW-RPLC, to purely lipophilic [78]. In

contrast, changing temperature in PHW-RPLC has a smaller effect on ∆∆GCHx,VAP→MP,

but also significantly influences ∆∆GCHx,VAP→RP. Thus, despite such different driving

forces, increasing the temperature in a PHW-RPLC separation from 323 to 473 K is found

to be roughly equivalent [78] to adding 15% molfraction organic modifier to a neat wa-

ter RPLC system, changing the retention free energy by 1 − 1.5 kJ/mol. Experimental

studies [193] yielded consistent results when using a polystyrene-coated zirconia phase, re-

porting ∆∆GCHx,ret values which were equivalent within error for a neat water mobile phase

at 373 K and a ≈ 20% methanol/water mobile phase at 303 K.

Changing pressure leads to different and more subtle trends; generally, higher pressure
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results in larger solvophobicity, but also in decreased lipophilicity. For the bulk system,

changes are minimal when moving from p = 30− 100 atm, and become more noticeable at

300 atm. Increases in solvophobicity are greater than decreases in lipophilicity, leading to

slightly more favorable ∆∆GCHx,ret values. The slit pore system exhibits somewhat different

trends. Again, only small changes are observed when moving from p = 30 − 100 atm,

however lipophilicity becomes noticeably smaller at 300 atm while solvophobicity becomes

larger. Overall, changes in lipophilicity and solvophobicity balance one another leading

to ∆∆GCHx,ret for the PHW-RPLC system which are relatively unchanged as pressure is

increased. The sudden changes in lipophilicity and solvophobicity observed at 300 atm

is consistent with the density profiles at the top of Figure 4.4, which show that system

structure at the highest pressure has ODS chains which are slightly more compressed,

and exhibits slightly increased interfacial wetting. The change in system structure can be

understood in terms of isothermal compresibility:

βT =
1

V

(
∂V

∂p

)
T

. (4.4)

Water is found to be incompressible, exhibiting values of 0.0969 and 0.103 atm−1 × 103

at p = 200 and 65 atm, respectively, while C16 changes from 0.251 to 0.324 atm−1 × 103.

As a result, increased pressure allows water to push on the ODS chains, leading to the

observed structural changes. The observed increase in ODS compression works in tandem

with increased interfacial wetting to squeeze the solute out of the ODS chains. Previous

studies [71, 202, 203] of pressure effects in conventional RPLC systems using aqueous organic

and purely organic mobile phases find an opposite, albeit subtle trend, where ∆∆GCHx,ret

is decreased as pressure is increased. This result is somewhat unsurprising, as the mobile

phases used in those studies are more compressible than the neat water phase used in the

present work.

Previous work [178, 193, 204] describes an inversion in solute shape selectivity when

moving from traditional RPLC to PHW-RPLC conditions (i.e. less conformationally con-

strained molecules exit the column last in PHW-RPLC), which was suggested to indicate

a decrease in conformational order within the stationary phase, with the rationale that a

less conformationally constrained molecule has the ability to rearrange itself in order to

maximize favorable contact with the stationary phase, whereas a more rigid structure can-

not. In the present work, system structure and ordering were directly evaluated from the
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Table 4.1: Structural properties of ODS chains in PHW-RPLC systems.

T [K] p [atm] wint [Å] cos θete rete[Å] fgauche 〈S〉
473 30 7.12 0.571 14.91 0.351 0.034

423 30 5.61 0.521 15.01 0.331 0.013

373 30 4.81 0.474 15.22 0.301 -0.043

323 30 3.94 0.441 15.71 0.281 -0.072

423 300 6.01 0.504 15.01 0.331 -0.022

423 100 6.02 0.513 14.91 0.331 -0.023

simulation data by examining the fraction of gauche defects (fgauche), the chain end-to-end

distance (rete), and the overall and local chain order (〈S〉 and S1−3, respectively) as defined

by equation 7.1:

S1−3 =
1

2

〈
3 cos2 θ − 1

〉
, (4.5)

where θ is the angle between the silica surface normal and a given 1–3 vector along the

chain. An S of 1 and −0.5 corresponds to chains which are perpendicular and parallel

to the surface, respectively, while a value of zero indicates no preferential alignment. The

overall order parameter, 〈S〉, is taken as the average of all S1−3 in the chain. Table 4.1

and Figure 4.5 demonstrate that, consistent with Allmon et al.’s suggestion [193], the RP

chains become more disordered, as we see increased fgauche and S1−3 which approach zero

as temperature is increased, particularly at the terminus. The simulations also indicate that

chains are slightly less extended (rete), but overall, more perpendicular with respect to the

silica surface (〈S〉 and cos θete). Changing pressure has little effect on the aforementioned

structural properties, with the exception of an increase in interfacial width from 5.61 to

6.02 and chains which are slightly more parallel to the silica surface, when moving from 30

to 100 atm.

As mentioned in the introduction, partitioning of solutes between a bulk C16 and mo-

bile phase is often used as a simplified framework for describing the retention mechanism in

chromatographic systems which posess structure and heterogeneity more akin to the chro-

matographic pore studied here. The utility of this approximation depends on whether the

solute partitions into the stationary phase chains of the chromatographic system, or adsorbs
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Figure 4.5: Order parameter along the chain backbone in PHW-RPLC systems at 30 atm
with varied temperature (top) and 423 K with varied pressure (bottom). The index 0 is
used for the 1-3 vector closest to the silicon atom of the stationary phase chain.

to the stationary phase/mobile phase interface. Density profiles for the slit pore systems

with varied temperature are shown in Figure 4.6, as are the z-dependent distribution co-

efficients, K(z) = ρ(z)pore/ρWAT, for a propane molecule. It is immediately apparent that

the distribution of alkane solutes within these systems is bimodal, consistent with previous

simulations studies with conventional RPLC solvents and conditions [78]. One peak sites

well within the tethered ODS chains, where solutes experience a solvation environment

similar to that of the bulk C16 partitioning system, while the other peak is located at the

interface. The unintuitive tendency for alkanes to adsorb at the interface given the nearby

ODS chains is partially driven by the solvent depletion at the interface (i.e. the dip in

total density at z ≈ 15 Å), which decreases the cavitation entropy penalty at that location.

Interfacial width, which is defined as the thickness of the 10–90% portion of the water
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Figure 4.6: PHW-RPLC system density profile (top) and propaneK(z) (bottom) at 30 atm.
A z-coordinate of zero corresponds to the silica surface.

density profile is given in Table 4.1, and is shown to increase with temperature. Height of

the K(z) profiles is shown to decrease as temperature increases, indicating an overall less

favorable ∆Gret.

Figure 4.7 provides the retention free energies, ∆Gret, for alkanes in the PHW-C16

systems at different temperatures and pressures, where more negative values of ∆Gret cor-

respond to more strongly retained solutes. For any given nCHx , retention becomes less

favorable when moving from T = 373 to 473 K, however ∆Gret’s for T = 323 K fall roughly

between those for the next two highest temperatures. Figure 4.8 demonstrates this trend

more clearly by showing that the retention free energy of propane as a function of tem-

perature goes through a minimum, leading to nearly overlapping free energies at the three

lowest temperatures.

The bottom panel of Figure 4.8 shows that the observed retention behavior coincides
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Figure 4.7: Retention free energies for alkanes in a PHW-C16 system as a function of
temperature, at 30 atm (top) and pressure, at 423 K (bottom).

with changes in the thermal expansivity of each phase, αV, defined as:

αV =
1

V

(
∂V

∂T

)
p

, (4.6)

where V and p are the volume and pressure, respectively. This quantity relates to the

change in volume of a phase upon changing temperature, where larger values correspond

to a phase which undergoes greater expansion. Figure 4.8 shows that initially αV is greater

for the bulk C16 phase, however, as temperature is increased, αV grows more quickly for

the water phase, driven by the critical temperature of water being less than that of C16.

A possible explanation for the observed ∆Gret trend relates to the formation of hydrogen

bonded “cages” around non-polar solute molecules [205, 206, 207]. This cage formation has

an associated negative enthalpy which offsets the positive enthalpy of mixing the non-polar

species with water. As temperature is increased, however, this effect plays a lesser role, as

entropy becomes more important. Figure 4.8 also provides ∆Gret for alkanes as pressure

is increased, and shows no appreciable differences when moving from p = 30 to 100 atm,
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Figure 4.8: Top: propane retention free energy as a function of temperature for a PHW-
RPLC system at 30 atm. Bottom: thermal expansivities of TraPPE C16 and TIP4P water.

but slightly more favorable ∆Gret’s when moving to 300 atm, consistent with solubility

measurements for saturated fatty acids in water at similar conditions [206].

4.3.2 Alcohol Partitioning and Retention

Retention trends are inverted for alcohols in the PHW-C16 system; as is shown in Figure 4.9,

increasing temperature leads to more favorable retention free energies. This increase in

retention can be understood in terms of H-bonding. In the present work, the criteria for a

H-bond is an O· · ·O distance ≤ 3.3 Å, an O· · ·H distance ≤ 2.5 Å, and an O· · ·H−O angle

cosine ≤ −0.1. Table 4.2 indicates that, as T increases, the number of water molecules in

the C16 phase increases significantly, concomitantly increasing the number of H-bonds to

propanol within the phase. Increases in T also decrease H-bonding in the neat water phase,

further contributing to increased retention. The highest number of H-bonds to propanol

in C16, however, are observed at the lowest temperature, when there are the least water

molecules in the C16 phase. Increasing pressure is shown to decrease the amount of water in
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Figure 4.9: Retention free energies for alcohols in a PHW-C16 system as a function of
temperature, at 30 atm (top) and pressure, at 423 K (bottom).

C16 by only a small amount, however the number of H-bonds between water and propanol

are not significantly influenced. H-bonding in the water phase is increased with pressure,

though also by a very small amount. Figure 4.9 demonstrates that, as a result, retention

free energies for the alcohols in the C16 system are not significantly influenced by increased

pressure.

Figure 4.10 provides the K(z) profiles for alcohols in the PHW-RPLC system, with

varied T . In departure from what was observed for alkanes, only a single large peak emerges,

at the retentive phase/mobile phase interface, indicating that retention is almost entirely

determined by adsorption to the interface. This result is consistent with previous simulation

studies conductcted for RPLC systems at conventional temperatures, and using aqueous

organic solvents [78]. The small peak near z = 5 Å corresponds to hydrogen bond formation

with residual surface silanols, and decreases with increased temperature. Analysis of the

incremental retention free energies, provided in Figure 4.11, show that, unlike alkanes,

retention trends differ significantly between the C16 and slit pore systems. Pressure was
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Table 4.2: Hydrogen bonding in bulk water and hexadecanea, and number of water
molecules in hexadecane.

nH−bond

WAT/WAT WAT/PrOH WAT/PrOH nWAT

T [K] p [atm] in WAT in WAT in C16
473 30 2.991 1.911 0.191 5.71

423 30 3.311 2.072 0.121 1.553

373 30 3.541 2.271 0.133 0.311

323 30 3.741 2.351 0.308 0.0372

423 300 3.381 2.132 0.142 1.193

423 100 3.351 2.122 0.131 1.445

a The notation “A/B in C” denotes H-bonds between A and B in phase C, per molecule of B.

not found to have a significant influence on propanol K(z) profiles, thus they are not

shown. For all T ’s, however, ∆∆GOH,VAP→MP is negative, but becomes less favorable as

temperature is increased due to decreased H-bonding. The changes in ∆∆GOH,VAP→MP

observed when moving from T = 323 to 473 are comparable to the changes observed when

replacing a neat water solvent with pure methanol, in a conventional RPLC system [78].

Incremental transfer free energies from vapor to the PHW-RPLC pore stationary phase

are also negative for all temperatures, though, as was observed for ∆∆GOH,VAP→MP, values

become less favorable as temperature is increased. Nevertheless, changes for ∆∆GOH,VAP→RP

are larger than for ∆∆GOH,VAP→MP, resulting in ∆∆GOH,ret for the slit pore system which

are slightly less favorable with increased temperature. Though the interfacial structural

changes shown in Figure 4.10 and listed in Table 4.1 suggest increasing temperature leads

to an adsorption site which becomes increasingly entropically favorable (i.e. an interfacial

region that widens and exhibits greater de-wetting), a likely explanation for the overall

decreasing ∆∆GOH is the commensurately decreases in H-bonding indicated in Table 4.2.
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30 atm. A z-coordinate of zero corresponds to the silica surface.

4.4 Conclusions

Simulations have been used to investigate the driving forces in PHW-RPLC. Using a fun-

damental model (i.e., n-alkanes and 1-alcohols in an PHW-RPLC pore) we find trends in

incremental retention free energy that are consistent with experiment, and are able to pro-

vide a molecular-level view into the system. We find that alkane retention is governed by

a combination of partitioning and adsorption whereas the latter governs alcohol retention.

Despite differences in retention mechanism (i.e. purely partitioning for PHW-C16 system

compared to a combination of partitioning and adsorption in the PHW-RPLC pore), re-

tention trends are similar for alkanes with increasing T in the two systems. In contrast,

application of pressure results in opposing trends in the two systems, due to the heterogene-

ity of the PHW-RPLC pore. Retention for alcohols between the two systems was found to
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Figure 4.11: Incremental transfer free energy for a hydroxyl segment. For any given tem-
perature, the textured wide column, solid light column, and solid dark column corresponds
to VAP→WAT, VAP→C16, and VAP→ODS transitions, respectively.

be substantially different, where in the C16 system, increasing temperature resulted in more

favorable free energies due to the enhanced presence of solubilized water in the hexadecane

phase, whereas retention decreased in the PHW-RPLC system. Pressure was not found to

have a significant effect on ∆∆GOH for either system.

More generally, we find that, although both solvophobic and lipophilic forces are present

in the PHW-RPLC system, decreases in lipophilicity have a larger influence on the overall

incremental retention free energy, as temperature is increased. Our results, which are

consistent with those of Allmon et al. [193], suggest that a less bimodal separation utilizing

a neat water mobile phase can be achieved by i. increasing pore wetting, which would

discourage alkane adsorption, and ii. decreasing the H-bonding capability of the mobile

phase to further decrease alkane retention, and encourage alcohol retention. These changes

could be achieved by introducing ligands with embedded polar groups, which would have

the added benefit of increasing alcohol retention by enhancing solvent penetration in the

ODS chains, and through addition of an environmentally friendly salt to the mobile phase

to suppress H-bonding [193], however temperature robustness of the retentive phase in

addition to salt corrosivity would need to be taken into consideration.



Chapter 5

A New Approach to Column Pair

Screening for 2DLC

5.1 Introduction

The search for faster and higher resolution separation methods has led to a vast vari-

ety of different technologies for column chromatography utilizing a single column. Inno-

vations in column technologies, such as superficially porous particles [184, 43] and sub-

2µm particles [42, 44, 208] increase the efficiency and speed of single-dimension liquid

phase separations. These advances enable impressive separation of many samples typi-

cally encountered in drug development, clinical chemistry, environmental and food moni-

toring [209, 210, 211, 212]. However, a single column is not always sufficient for complex

separation resolution, as is the case in fields such as proteomics and metabolomics where

the number of components may exceed one thousand. These samples require a separation

technique with a highly enhanced peak capacity.

One method of implementing highly complex separations is to use two-dimensional liquid

chromatography (2DLC) [213, 214, 215]. 2DLC is a rapidly developing technology whereby

the second dimension column samples the output of the first dimension column using a

sample valve and storage loop [216]. This configuration is run in a sequential manner, typ-

ically under computer control [214, 217, 218, 219]. 2DLC requires a fast second-dimension

column so that the first dimension separation is rapidly and completely sampled by the

61
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second column [214], in the so-called “comprehensive” mode. When properly implemented,

this technique can provide dramatic enhancements in chromatographic resolution [220, 221].

The 2DLC method development process is largely empirical but specific schemes have

been suggested [222, 223, 224, 225]. In one scheme [222], the “cardinal rules” of 2DLC

method development are given and the first step and perhaps most important step is the

selection of columns. Usually, this is a semi-empirical process where the solute class(es) are

known a priori and columns are chosen to maximize speed and resolution where applicable.

Of particular concern is the maximization of orthogonality [226], specifically the maximiza-

tion of an individual orthogonality metric or products of orthogonality metrics [226], so that

zones are spread as uniformly as possible across the maximum available separation space.

Unless the column selection process is performed carefully, orthogonality maximization may

not yield the desired separation performance that specific column pairs may offer.

Orthogonality evaluation and subsequent optimization takes place upon completion of

the separation, [214] i.e. orthogonality metrics are utilized for an a posteriori performance

evaluation. However, some schemes have been suggested that allow for method development

prior to running the chromatogram. Utilizing the Snyder–Dolan hydrophobic subtraction

model (HSM) [227, 228], orthogonality can be evaluated a priori using the weighted Eu-

clidian distance metric [227, 228] and selectivity triangles and cubes [229, 230].

Column-pair rankings based solely on the concept of column orthogonality may suffer

from the significant drawback that information regarding column order and operating time

is not considered, but these factors are pertinent for defining the practical ability of a given

column pair. For example, using a column that may fully resolve an analyte matrix but

exhibits strong analyte/column interactions for a few compounds leading to unreasonably

long elution times should be avoided, especially if this column is to be used in the second

dimension.

In this work, we present a computational method that leverages the HSM to predict 2D

chromatograms which, in turn, allows for ranking of column pair performance. In departure

from other ranking methods, this method considers analyte/column interactions explicitly,

allowing rankings based on the distance between peaks with consideration for column-pair

order, mixing from the limited number of first-dimension samples, and different operating

times. In the following sections a description of this novel column-pair ranking approach,
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a comparison with two other orthogonality metrics, and suggestions towards the goal of

defining optimal column pairs will be presented.

5.2 Methods for Column-Pair Ranking

The new column-pair ranking method, henceforth referred to as the 2DHSM method, uti-

lizes virtual 2D chromatograms that are generated utilizing the HSM [227, 228, 231, 232,

233, 234, 235]. A retention factor, k′i, can be computed for each analyte, i, on each column

through application of the HSM retention equation as follows [227, 228]:

log

(
ki
kEB

)
≡ log k′i = ηiH − σiS∗ + βiA+ αiB + κiC, (5.1)

where ki and kEB are the partition coefficients or net retention times for the analyte of

interest and for ethyl benzene, the HSM reference analyte, respectively. The HSM column

parameters H, S∗, A, B, and C refer to the hydrophobicity, steric hindrance, H-bond

acidity, H-bond basicity, and cation exchange activity of the column, respectively, while

the parameters ηi, σi, αi, βi, and κi denote the corresponding complimentary analyte

properties.

The k′ value is then used to compute the retention time for this analyte on a specific

column but differentiating between a column utilized for the first or second dimension:

dti =
(k′i t

∗
EB + 1) dtmax

k′max t
∗
EB + 1

, (5.2)

where t∗EB = (tEB − t0)/t0 with tEB and t0 being the retention time of ethyl benzene

and the column dead time; k′max and dtmax are the maximum retention factor (i.e., an

analyte with a retention factor greater than k′max does not elute from the column during

its maximum operating time) and the dimension-specific maximum operating time. To

reduce the computational demands, the current work assumes that both t∗EB and k′max are

independent of whether a column is used in the first or second dimension. However, it would

also be possible to repeat the calculation of the 2D chromatograms utilizing a smaller k′max

for the second dimension.

In practice, analytes in a given sample taken from the first-dimension separation are

mixed upon injection into the second dimension leading to a loss of resolution. To account
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for this effect, a computed retention time in the first dimension is placed into a bin and

assigned the time corresponding to the center of this bin according to:

nbin =

⌈1ti nsample

1tmax

⌉
1t

bin
i =

1tmax

nsample

(
nbin + 0.5

)
, (5.3)

where d e is the ceiling function; 1ti and nsample refer the retention time of analyte i in the

first dimension computed from Equation 5.2 and the number of samples injected into the

second dimension, respectively. It is important to note that assigning a single nbin value

makes the assumption that an analyte will never elute into multiple samples taken from the

first dimension. Relaxing this constraint would increase the complexity of the calculation

of the 2D chromatograms.

Once 1tbin
i and the retention time in the second dimension, 2ti, have been computed for

a set of analytes and for all column pairs, the column pairs are ranked on the basis of how

well separated the peaks are according to the following scoring function:

S2DHSM =

analytes∑∑
i 6=j

δ
(

1t
bin
i − 1t

bin
j

)
exp

[
−|2ti − 2tj |

10 (2σ)

]
, (5.4)

where the double sum is over eluting analyte pairs and use of the Kronecker delta func-

tion implies that analytes eluting in different first-dimension samples are counted as fully

resolved. Following this approach, the exponential term contributes only to the sum for

analytes which are injected into the second dimension in the same sample. The variable 2σ

is the nominal peak width in the second dimension. Using a constant value of 2σ reflects

a gradient elution mode, while making 2σ a linear function of 2ti would reflect isocratic

elution conditions. The scaling factor of 10 used here leads to a slower decay of the ex-

ponential term. A small value of S2DHSM is desirable and corresponds to well separated

peaks.

To place the 2DHSM approach into context, we compare its performance in finding

high-performing column combinations to two often used orthogonality metrics. The first

of these approaches, referred to in the present work as the weighted Euclidian distance

(WED) approach, was proposed by Gilroy et al. [227] an Snyder et al. [228] and distinguishes

column-pair orthogonality by considering the five-dimensional Euclidian distance between

columns in physicochemical HSM space while neglecting analyte/column interactions and
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column-pair ordering. The scoring metric is given by:

SWED =

[
(12.5 ∆H)2 + (100 ∆S∗)2 + (30 ∆A)2 + (143 ∆B)2 + (83 ∆C)2

]0.5

, (5.5)

where ∆H, ∆S∗, ∆A, ∆B, and ∆C are the differences between the corresponding parame-

ters in the HSM model (defined in Equation 5.1) for a given column pair, and the numerical

pre-factor assign importance weights to the HSM parameter differences [227, 228]. A high

SWED value corresponds to a column pair for which each phase has a very different chemi-

cal character and, hence, is likely favorable for a 2D separation. Since the WED approach

relies only on HSM column parameters, it can be applied a priori to compare column pairs

without the need for 2D chromatograms.

The SWED metric accounts for all five HSM parameters. For certain applications, how-

ever, when only certain classes of analytes are of interest, then it becomes advantages to

adjust the weights in Equation 5.5, as was suggested for nonionized analytes [236] or for

acidic and basic polycyclic aromatic compounds [237], or to focus on a restricted number

of HSM parameters, such as in selectivity triangles and cubes [229, 230, 238]. It is has

also been suggested [237] to use a principal component analysis to replace the weights in

Equation 5.5.

One can also describe column-pair orthogonality through information entropy (IE). In

this application, the information in question is the 2D chromatogram. The IE metric

can only be determined a posteriori from existing chromatograms and is applied here to

the chromatograms predicted via Equation 5.2 and 5.3. A high-entropy separation yields

a chromatogram in which peaks are nearly uniformly dispersed. In order to apply IE

theory, the 2D chromatogram is converted into a histogram with grid spacing of 100 in

both dimensions, and the probabilities for observing a peak are used to calculate the IE

score [239, 240]:

SIE = 100

[
−
∑

peaks,A

∑
peaks,B P (x, y) log2 P (x, y) +

∑
peaks,A P (x) log2 P (x)

−
∑

peaks,B P (y) log2 P (y)

]
, (5.6)

where P (x), P (y), and P (x, y) are the probabilities to observe an analyte peak within

temporal bin x on column A, within temporal bin y on column B, and within temporal bin

x, y on columns A and B, respectively. The double sum in the numerator is information

gained from the 2D chromatogram, the second term in the numerator is the negative of the
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information gained from applying only the first-dimension column, and the denominator

represents the information gained from applying only the second-dimension column. The

SIE value ranges from zero when all peaks fall along the diagonal (i.e., the two columns

yield identical retention order and relative peak positions) to 100 for a uniform distribution

(i.e., the probabilities for all temporal bins have the same value). The IE method [239, 240]

employs a linear division of the retention time for the binning. In addition to the IE metric,

there are several other metrics for measuring the orthogonality or surface coverage of 2D

chromatograms [241, 242, 243, 244] that were recently reviewed by Davis and Schure [226].

5.3 Computational Details

This work utilizes the experimentally determined HSM parameters (at pH = 2.8) for 565

columns and 90 analytes (intended to represent a wide spectrum of possible analytes) that

are tabulated by Boswell and Stoll [245]. Since the number of analytes is somewhat limited,

HSM parameters are generated for an additional 99 910 analytes through ‘virtual synthesis’

involving the coupling of fragments taken from two of the 90 original analytes as follows:

Mnew = χaMa + χbMb, (5.7)

whereMnew,Ma andMb are the HSM parameter of the new analyte, and the corresponding

HSM parameters from each of the two analytes randomly selected from the pre-existing 90

analytes; χa and χb are random numbers uniformly distributed between 0.5 and 1.0. Linear

combinations with 50 − 100% contributions from existing analyte parameters are used in

order to represent large analytes with multiple functionalities.

In order to compute the 2DHSM score, the input parameters used in Equations 5.2,

5.3, and 5.4 need to be specified. The parameters t∗EB,
1tmax, and 2σ are set to 99 (i.e.,

tEB/t0 = 100), 10 000 time units, and 1 time unit, respectively. For the majority of the data

presented, the values of nsample and k′max are set to 100 (i.e., 2tmax = 1tmax/nsample = 100

time units and a peak capacity of 100 in the second dimension) and 1.375. Using k′max =

1.375 results in at least 85% of the analyte molecules eluting from each column during the

specified operating time. To assess the sensitivity of the 2DHSM ranking to these input

parameters, two other combinations are also explored: (i) k′max = 2.0, nsample = 100, and
2σ = 1, and (ii) k′max = 1.375, nsample = 200, and 2σ = 1. For each of the three sets of
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column parameters, we now compute the 2D chromatograms for 100 different sets of 1 000

diverse analytes for all 319 225 column pairs, i.e., in total the positions and widths are

determined for 3× 100× 1 000× 319 225 = 1.2769× 1011 peaks.

The average number of resolved peaks for each column pair is used to to evaluate the

performance of the 2DHSM, WED, and IS approaches. A peak is considered resolved if

its resolution with all other peaks is at least 1.2. Common definitions of multi-dimensional

resolution consider the distance between peaks in continuous multi-dimensional space [246],

however, retention times in the first dimension are discretized during sample injection in

the second dimension and, as mentioned above, we assume that peaks cannot elute into

multiple samples. We therefore use the following definition of 2D resolution:

Rres =

[
|2ti − 2tj |

4 (2σ)

]
if δ

(
1t

bin
i − 1t

bin
j

)
= 1, (5.8)

where the variables are as defined for Equation 5.4. The above equation implies that peaks

eluting in different first-dimension samples are fully resolved.

In order to visualize the results obtained herein, the peaks for the 2D chromatogram

surfaces are computed by:

z =

Nanalytes∑
i=1

1500∑
j=1

1500∑
k=1

exp

−( j
1500

1
tmax − 1tbin

i

1σ
√

2

)2
 exp

−( k
1500

2
tmax − 2ti
2σ
√

2

)2
 ,

(5.9)

where Nsolutes is the number of eluting analytes and 1σ is the base width in the first

dimension, and is set to 20.

5.4 Results and Discussion

5.4.1 Performance of Scoring Methods

The performances of the WED, IE, and 2DHSM methods for column pair selections are

graphically compared in Figure 5.1. A large average number of resolved peaks, 〈Nres〉,
and a large average number of eluted analyte compounds, 〈Nelu〉, are desirable traits for

a good column pair. Focusing first on the dependence of 〈Nres〉 on the average column

rank, 〈R〉, it is evident that the three metrics perform quite differently. Ideally one would

desire a distribution of data that exhibits a negative slope and is narrow with possibly also
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Figure 5.1: Overall performance of the WED, IE, and 2DHSM methods. Rows from top to
bottom provide the average number of resolved peaks, average number of eluted analytes,
and average orthogonality score, respectively, as a function of the average rank (following
the 1st place convention) assigned to a column pair by each metric. The data for each of
the 319,225 column pairs are shown with the color denoting the point density (from dark
purple to yellow for low density to yellow for high density).

a tapering of its width toward the upper left corner of the graphs; these factors indicate

a metric that indeed results in lower ranks (following the 1st place convention) for better

performing columns and is highly selective in indicating suitable column choices.

For 〈Nres〉 versus 〈R〉, we see that all three methods yield a distribution with an over-

all negative slope. Looking in more detail, however, it is evident that the width of the

distribution and the behavior at low ranks are quite different. The WED method yields

a distribution that broadens at low ranks and tapers at high ranks (i.e, the highest point

density shown in yellow in Figure 5.1 is found for high ranks). This result is not entirely

surprising given that the original purpose of the WED metric is to help users identify sim-

ilar columns for replacement purposes. Thus, the WED metric is more informative at high

ranks, where columns should be most similar. The data generated using the IE approach

is very diffuse, exhibiting little correlation between rank and performance for columns with

lower rank. For the IE method, the highest 〈Nres〉 values are found for ranks near 25 000.
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Figure 5.2: Performance of top-100 columns selected by the WED, IE, and 2DHSM meth-
ods. Rows from top to bottom provide the average number of resolved peaks, average
number of eluted analytes, and average orthogonality score, respectively, as a function of
the average rank (following the 1st place convention) assigned to a column pair by each
metric. Error bars indicate the 10–90 intervals.

The data for the 2DHSM approach, on the other hand, exhibit all of the desired traits,

with a negative slope that rapidly increases in magnitude and a distribution that tapers as

low ranks are approached. Furthermore, the spread of the 〈Nres〉 values for columns with

similar ranks is much smaller for the 2DHSM method than for the WED and IE methods.

When examining the 〈Nres〉 values for the 100 top-ranked column pairs for the three

methods, as is shown in Figure 5.2, then one observes that only the 2DHSM method yields

a negative slope and more than 90% of these column pairs yield 〈Nres〉 values greater than
400. In contrast, the WED yield data clustered around 〈Nres〉 ≈ 370 and only seven of the

100 top-ranked column pairs yield 〈Nres〉 > 400. The 100 top-ranked columns for the IE

method perform much worse with 〈Nres〉 values falling into the range from 190 to 350. Note

that the rank for the WED method is not averaged, because this metric does not consider

analyte/column interactions and, hence, gives the same rank order for all 100 analyte sets.

The WED method also does not account for column order and, hence, two column pairs
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are associated with each rank. When considering the better performing column pairs with

lower ranks, then the distributions of the RIE and R2DHSM values are quite asymmetric.

In almost all cases, a tail to higher R values is found and, hence, the column ranked with

the 100th highest average score yields 〈R〉 > 100. In contrast, the distributions for Nres

are fairly symmetric for most column pairs. Given the asymmetric distributions for R, the

uncertainties in all properties are given here as the 10-90 interval, i.e., the range into which

80 out of the 100 independent 2D chromatograms (each for 1 000 solutes) fall.

With respect to the number of eluted analyte compounds, 〈Nelu〉, the overall distribu-

tions are quite similar for the three column pair scoring methods. As the rank improves,

the fraction of pairs that elute less than 990 compounds increases. The highest point den-

sities are found for 〈Nelu〉 ≈ 995, but these are concentrated for 〈R〉 > 200 000 for all three

methods. That is, eluting all 1 000 analytes is not necessarily beneficial for resolving the

most peaks. Zooming in on the 100 top-ranked columns, the 〈Nelu〉 values for the WED

method are broadly distributed with a median at only 920 analytes. The IE method yields

top-ranked columns with the highest 〈Nelu〉 values, and 80% of them elute on avearge more

than 998 analytes. For the 2DHSM method, 90% of the top-ranked columns elute more

than 980 analytes.

Considering the information entropy score, 〈SIE〉, the distributions for the three methods

are quite different. For the IE method, one observes a nearly monotonic decrease in 〈SIE〉
with increasing 〈RIE〉. It is not strictly monotonic because these averages are computed

for 100 analyte sets, where sometimes a small change in SIE can lead to a large change

in RIE. However, as indicated by the 10-90 intervals for the top-100 column pairs for this

metric, the deviations from monotonic behavior are significantly smaller than the statistical

uncertainties. The distribution for the WED method is considerably broader than for the

2DHSM method, i.e., a high SWED value is not well correlated with a high SIE value. The

column pairs with the highest 〈SIE〉 values are found for RWED and 〈R2DHSM〉 greater than
20 000.

The 2DHSMmethod requires two input parameters that describe the preferred operating

conditions: nsample and k′max that give the number of samples taken from the first dimension

and the retention factor compared to ethylbenzene beyond which solutes are considered as

not eluting from the column in the given operating time. To investigate the reliability of
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Figure 5.3: Influence of system parameters on the 2DHSM ranking: Correlation of the
ranking obtained with [nsample = 100; k′max = 2.0 (top), [nsample = 200; k′max = 1.375]
(bottom) versus those obtained with [nsample = 100; k′max = 1.375].

the 2DHSM method, two other combinations of [nsample; k
′
max] parameters are also applied

for to rank column pairs. As can be seen from the data presented in Figure 5.3, increasing

k′max to 2.0 yields a fair amount of scatter, with a correlation coefficient and slope of 0.939

and 0.926, respectively. On the other hand, increasing nsample to 200 yields data that are

very well correlated with those for nsample = 100(the correlation coefficient and slope are

both 0.989). While increasing nsample to 200 has the potential to increase the significant

burden on the ability of the second dimension column to yield good resolution within a

short operating time, it can also substantially decrease the number of solutes that need to

be separated in the second dimension, and can thus yield an overall separation which is

comparable to the case with nsample to 100. With k′max to 2.0, on the other hand, a larger
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number of solutes elute, leading to chromatograms which are more crowded than those

obtained for k′max = 1.375. Note that analogues to Figures 5.2 and 5.2 for data sets using

k′max = 2 and nsample = 200 can be found in Appendix B.

5.4.2 Top Column-Pair Characteristics

Information regarding the chemistry of the top-10 column pairs obtained from the WED, IE,

and 2DHSM approaches can be found in Table 5.1 (Note that analogues to Table 5.1 for data

sets using k′max = 2 and nsample = 200 can be found in Appendix B). The WED method

does not distinguish column pair order and, hence, a given pair receives the same rank

irrespective of which of the two is used for the first dimension. However, the performance

data clearly indicate that column order matters, and the first listed entry for the top 10

columns pairs yields an average resolving power (〈Nres〉) that is about 7% larger than for

the same column pair but with reversed order. The first listed entry also yields an average

orthogonality score that is 3% larger.

The 〈Nres〉 values for the top-10 column pairs range from 346−394, 256−310, and 414−
427 for the WED, IE, and 2DHSM methods, respectively; that is, the 2DHSM approach

outperforms the other two metrics on average by factors of 1.50 and 1.14. Comparison

of the ranks assigned for each column pair by each method (i.e. the first three columns

of Table 5.1) shows that there is no overlap between top-10 column pairs for the three

methods, suggesting that each respective approach describes column pair performance in

a distinct fashion. Ranking by the WED method yields top-10 column pairs that elute on

average only 920 analytes, whereas the top-10 columns for the 2DHSM and IE methods

elute on average 986 and 999 analytes. The top-10 columns for the 2DHSM method also

yield higher SIE values than those from the WED method.

Interestingly, the top-10 columns for each method exhibit a very strong preference for

including an embedded polar (EP) column in at least one dimension; that is an EP column

is found for all of the 30 column pairs list in Table 5.1. The high WED score of for the

combination of alkyl and embedded polar column pairs has been noted previously [247].

An EP column is found in the first dimension for all 10 column pairs obtained from the IE

approache and in the second dimension for all 10 column pairs obtained from the 2DHSM

approach. Furthermore, given that 565 columns were investigated here, it is noteworthy that
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all three methods yield combinations with specific columns that occur multiple times among

the top-10 column pairs. The EC Nucleosil 100-5 Protect 1 column is found eight times

for the WED method, the Vydac 218MS column (an octadecyl phase) and the Cosmicsil

Adore 100 CN column are included 5 and 3 times, respectively, among the top-10 pairs

for the IE method, and the Zorbax Bonus RP column is found in all top-10 pairs for the

2DHSM method. Focusing on pairs obtained from the 2DHSM method that yields much

higher 〈Nres〉 values than the IE method, only five specific EP columns were found in the

top-100 column pairs: 72 Zorbax Bonus RP, 19 EC Nucleosil 100-5 Protect 1, 5 BetaMax

Acid, 3 Hypersil Prism C18 RP, and 1 ZirChrom-PS. That is, an EP phase is present in

99 out of the top-100 columns. It has been shown that embedded polar stationary phase

chains allow for multi-modal analyte siting and increased solvent penetration in the bonded

phase [48, 74]. The embedded polar groups and the solvent penetration allow for enhanced

retention of polar compounds, while at the same time preventing overly strong lipophilic

analyte/bonded phase interactions. Thus, the multi-modal character enables elution of a

diverse set of analytes on time scales consistent with a fast second dimension. The preference

for specific columns in the first dimension is much weaker, and 73 unique columns are found

in the top-100 column pairs for the 2DHSM method including 59 octadecyl, 25 phenyl, 9

triacontyl, 3 octyl, and 3 and 1 with EP and CN functionalities, respectively.

5.4.3 Top Pair Chromatograms

As a final test of method performance, 2D chromatograms are provided in Figure 5.4 for

the top columns arising from the WED, IE, and 2DHSM methods. Co-elution of multiple

analytes is prevalent for each column pair selection method. This is not surprising because

the ratios of 〈Nelu〉/〈Nres〉 are 2.5, 2.6, 3.9, and 2.3 for the top column pair suggested

by the WED (both orders), IE, and 2DHSM methods (see Table 5.1). As expected from

these ratios, the most compact chromatogram is obtained for the top-performing column

suggested by the IE method for which the maximum number of co-eluting analytes is

seven. The corresponding numbers are five and four for the top column pairs suggested by

the WED and 2DHSM methods.



74

Table 5.1: Rank and performance scores of the top column pairs obtained with the WED, IE, and 2DHSM methods.
The abbreviations EP, C18, C30, and PBD refer to embedded polar, octadecyl, triacontyl, polybutadiene phases,
respectively. The super- and subscripts for each property denote the 10-90 interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

1 6352980550
47537 670810917

3993 ZirChrom-PBD EC Nucleosil 100-5 Protect 1 PBD EP 372382
360 933944

924 530540
520

1 3758848717
26142 2052731476

9645 EC Nucleosil 100-5 Protect 1 ZirChrom-PBD EP PBD 350366
336 917930

905 512521
504

3 6715583196
50948 50247946

3013 ZirChrom-EZ EC Nucleosil 100-5 Protect 1 Other EP 373386
358 924935

913 521529
511

3 4979865812
36779 2974354613

12063 EC Nucleosil 100-5 Protect 1 ZirChrom-EZ EP other 346360
333 917930

905 510518
501

5 6428982002
47895 4189178295

14810 EC Nucleosil 100-5 Protect 1 Apex II C18 EP C18 383398
368 912924

901 512523
502

5 7131987015
54413 29404568

1593 Apex II C18 EC Nucleosil 100-5 Protect 1 C18 EP 354367
343 917930

905 508517
499

7 4449458155
31492 1799728168

9030 Zorbax Bonus RP ZirChrom-PBD EP PBD 384398
368 933944

924 525534
514

7 8478599401
68053 46477064

2566 ZirChrom-PBD Zorbax Bonus RP PBD EP 359373
344 914927

904 500507
489

9 6210378605
47010 29635063

1396 Resolve C18 EC Nucleosil 100-5 Protect 1 C18 EP 394408
379 920930

910 520528
508

9 5158067695
36698 2328543479

8436 EC Nucleosil 100-5 Protect 1 Resolve C18 EP C18 367380
356 917930

905 513521
503

46719 1.943
1 8697397146

75879 Cosmicsil Adore 100 CN Vydac 218MS EP C18 257269
245 10001000

1000 641648
633

43979 4.7510
2 6876577461

60403 Fortis Cyano Vydac 218MS EP C18 264275
254 10001000

1000 637643
630

61561 8.9222
2 7816991338

65566 ProntoSIL CN Discovery HS PEG EP EP 262274
249 9991000

998 634642
626

41227 9.1123
2 7557686549

66207 Cosmicsil Adore 100 CN Cogent UDC Cholesterol EP other 264274
252 10001000

1000 633641
625

53755 9.5819
2 94818107127

82846 Pinnacle II Cyano Discovery HS PEG EP EP 256266
243 9991000

998 633641
624

36667 10.020
3 2967135423

24392 Discovery CN Vydac 218MS EP C18 297308
285 10001000

999 632639
624

23197 10.223
2 2832233435

23766 Cosmicsil Adore 100 CN Purospher RP-18 EP C18 310323
298 10001000

1000 633641
625

38781 14.124
5 3548241118

29680 Genesis CN 300A Vydac 218MS EP C18 290302
279 10001000

999 630636
622

60859 17.936
5 2593131988

20689 Discovery HS PEG Microsorb-MV 100 CN EP EP 304317
292 989993

986 629637
621

32645 19.940
6 2520629941

21088 ACE 5 CN Vydac 218MS EP C18 304315
292 10001000

999 629635
620
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Table 5.2: Continued from Table 5.1: Rank and performance scores of the top column pairs obtained with the WED,
IE, and 2DHSM methods. The abbreviations EP, C18, C30, and PBD refer to embedded polar, octadecyl, triacontyl,
polybutadiene phases, respectively. The super- and subscripts for each property denote the 10-90 interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

599 2461831119
17820 2.426

1 Prontosil 60 Phenyl Zorbax Bonus RP phenyl EP 426439
414 986991

982 540548
532

477 3064038600
22046 3.937

1 Ultra II Aqueous C18 Zorbax Bonus RP C18 EP 425440
413 984989

980 535543
526

403 3604946471
26550 4.439

1 Prontosil 120-3-C30 Zorbax Bonus RP C30 EP 427439
410 982987

977 531539
521

553 3224739757
24621 5.9614

1 Ultra II Aromax Zorbax Bonus RP phenyl EP 421435
408 982987

977 534540
527

999 2691134175
19881 7.2713

2 Allure Organic Acids Zorbax Bonus RP C18 EP 424440
408 991995

987 538547
528

1455 2414730334
17885 10.821

4 Ultra Aromax Zorbax Bonus RP phenyl EP 415427
400 992995

988 541548
533

629 2569932706
18099 11.119

4 Ultra II Biphenyl Zorbax Bonus RP phenyl EP 414427
400 983988

978 539547
531

1019 2390730779
17479 11.920

4 Ultra Aqueous C18 Zorbax Bonus RP C18 EP 419435
404 992996

989 541549
532

545 2498731916
17676 12.521

5 HSS C18 SB Zorbax Bonus RP C18 EP 418433
404 987992

982 540548
531

569 2621833559
19228 14.829

5 Pinnacle II Biphenyl Zorbax Bonus RP phenyl EP 414427
398 981986

975 539546
530



76

5.5 Conclusions and Applications

The problem of selecting columns for analytical separations becomes substantially more

complex when a second dimension is added. In this work, we show that the existing solutions

to this approach which rely on the concept of column orthogonality or Euclidian distance

are insufficient for specifying optimal pairs/pair ordering. We instead develop the 2DHSM

method to rank column pairs that accounts for column-pair order, number of resolved

peaks, and resolution between peaks. This method is relatively forgiving with respect to

input parameter choice, more selective, and yields top-10 column pairs which on average

resolve 14–50% more analytes than competing methods. It is found that columns pairs that

resolve the largest number of analytes within a given time constraint are not necessarily

those which elute the most analytes. Beyond suggesting high-performing 2DLC column

pairs, the 2DHSM method also provides insight into the column chemistries contributing to

performance. An exceedingly strong preference for including an EP column in the second

dimension is found, and the top-100 column pairs are comprised mostly of C18 × EP (59%)

and phenyl × EP (25%) column pairs.

From a practical standpoint, the 2DHSM method would be most useful as a selection

tool for column pairs from a user-defined pool (instead of selecting from all 565 columns).

For instance, one may desire to run this analysis on a set of columns provided by the same

manufacturer to ensure compatibility of fittings, etc. As with the WED and IE methods,

it is straightforward to extend the 2DHSM method to higher dimensional HPLC-based

separations. It should be noted that Equation 5.4 or an analogue allowing for analytes

to elute in more than one first-dimension sample could be used to quantify the extent of

separation for experimentally measured multi-dimensional chromatograms.
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Figure 5.4: Two-dimensional chromatograms for the top-ranked column pairs: ZirChrom-
PBD × EC Nucleaosil 100-5 Protect 1 (top) EC Nucleaosil 100-5 Protect 1 × ZirChrom-
PBD (top middle) suggested by the WED method, Cosmicsil Adore 100 CN × Vydac 218MS
(middle bottom) suggested by the IE method, and Prontosil 60 Phenyl × Zorbax Bonus
RP (bottom) suggested by the 2DHSM method.



Chapter 6

Simulation of Solute Uptake in

Surfactant Bilayers

6.1 Introduction

Solute uptake in micro-structured soft materials is a recurring theme across several fields.

In drug design, for example, one may be interested in development of an optimal ve-

hicle to transport a relatively non-polar pharmaceutical compound through an aqueous

medium [95, 248, 249]. Alternatively, one may be concerned with enhancing uptake of fra-

grant compounds for use in personal care or household cleaning products [6, 7]. Regardless

of the immediate area of application, however, several questions arise about the central

challenge of tuning solute uptake, including: i. how do solute uptake trends relate to micel-

lar structure? ii. how do these trends vary with surfactant and solute functionality? and

iii. how does introduction of additional components influence solute uptake and bilayer

stability?

Extensive work has been conducted to answer these challenging questions and has largely

confirmed that no single factor governs solute uptake, as solubilization is determined by

interactions with each substance (water, surfactant, etc.) and the interfaces they cre-

ate, for example, between oil and surfactant or water and surfactant. Furthermore, the

mesophases these micelles form can modify the extent to which favorable solute sorption

domains exist, as well as physical properties of the solution [92, 96]. These findings are

78
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complicated by the fact that solute uptake can also influence structure, and ultimately,

loading; for example, it has been shown that use of mixed surfactants and solutes can ei-

ther enhance or suppress solute uptake, and for polar solutes, subsequent water penetration

into micellar structures can result in decreased loading of polar solutes, due to competi-

tive effects [96, 250, 251]. Despite the multitude of experimental studies on surfactant

systems, [80, 83, 94, 97, 252, 253, 254, 255] determination of the corresponding molecu-

lar level structure is a difficult task. Methods such as NMR, spectroscopy, and scattering

can provide information on the structural aspects such as the mesophase structure, head

group area, and bilayer repeat distance, however, many of the finer details are left to be

extracted through models containing numerous assumptions, or are too difficult to mea-

sure. For example, the structure of water in the vicinity of ether groups like those found in

CxEy surfactants, such as triethylene glycol mono-n-decyl ether (C10E3), has been probed

by vibrational spectroscopy [87, 89], scattering [86], NMR [90, 91], and thermodynamic

models [256], yet their precise structure is still debated.

Molecular simulations provide an alternative approach for investigating the microscopic

structure of complex chemical systems, thus, the present work aims to study surfactant

systems through the lens of molecular simulation. Numerous simulation studies have been

conducted for such systems [81, 98, 116, 117, 257, 258, 259, 260, 261], with the majority

having relied on molecular dynamics or other closed system methods, which are limited to

pre-specified system compositions. Given that many problems of interest involve loading of

highly hydrophobic compounds into a surfactant carrier, closed system approaches are quite

problematic. Indeed, one is faced with a limited set of options, either simulating the system

in the infinite dilution regime (i.e., only a single solute molecule is present in the system),

which has limited application in surfactant research, or simulating a system with enough

water that a non-trivial concentration of solute can be obtained. While the latter approach

would offer more useful insights, the necessary system sizes are prohibitively large.

Others have examined structured surfactant materials using open system approaches

such as grand canonical Monte Carlo, however the applications were primarily focused on

coalescence of surfactant-coated droplets [262] prediction of the critical micelle concentra-

tion [116], or used simplified models which did not directly relate to a specific system [98].
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In the present work, we are concerned with simulation of solute uptake in structured micel-

lar materials. In departure from what has been previously done, we leverage osmotic Gibbs

ensemble Monte Carlo, and use models of varied resolution. In our approach, a “unit cell” of

the target surfactant system is contained in one box, and is in thermodynamic contact with

a second box containing a vapor phase of the solute of interest, between which the solute

can transfer. As pressure of the second box is varied, we are able to predict solute loading

and the resultant structural changes, and in this way, shed light on how micellar structure

and solute uptake are interrelated. Specifically, loading of n-nonane and 1-hexanol, in a

lamellar C10E3 system in united-atom (UA) and coarse-grained (CG) descriptions will be

presented, with the goals of i. establishing simulation protocols, ii. understanding how

solute functionality influences loading and structural changes, and iii. comparing the per-

formance of force fields having different resolutions (i.e., UA versus CG) to assess their

utility for describing quantitative and qualitative trends.

6.2 Simulation Details

6.2.1 Support Calculations

Prior to conducting loading simulations for the surfactant system, a series of support sim-

ulations are performed, the first of which being determination of the vapor pressure, p∗i , of

each solute i, predicted by the CG and UA models. This vapor pressure allows the reservoir

pressure, pres, to instead be described in terms of a scaling value, ai = pres/p
∗
i . The primary

benefit of operating in terms of ai rather than pres is that it allows results to be compared

directly between different models and solutes (which might predict different p∗i for the same

solute) and with experiment (which might yield a different p∗i than the model).

In order to compute solute vapor pressures, configurational-bias Monte Carlo [104, 105,

106, 134] simulations in the NV T Gibbs ensemble [107, 108] are run for each solute at

300 K. Results for these support calculations are provided in Table 6.1. For the UA cases,

it is important to note that, in order to aid in simulation efficiency, the present calculations

have been run with protocols that differ slightly than those used to parameterize the force

field, thus the predicted p∗i ’s do not represent the true accuracy of the model.

Transfer free energies at infinite dilution, ∆GTransf , for each solute between a vapor and
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Table 6.1: Simulation details and vapor pressures.

Na
CG Na

UA p∗CG
b ZcCG p∗UA

b ZcUA p∗exp
b,d

C10E3 100 54 – – – – –
Watere 1614 872 – – – – –
Nonane 200 108 0.6576 1.001 1.242 0.9983 0.603 [263]
Hexanol 400 216 3.151 0.9972 0.03254 1.0002 0.136 [264]

aValues correspond to simulations containing surfactant.
bAll pressure are given in kPa.
cCompressibility factor.
dReferences are given in brackets, next to values.
eThe number of CG water beads is given by NCG/3.

bulk water phase serve as an additional support calculation. These data allow for evaluation

of model performance by way of comparison to experimental values and are related to the

Ostwald solubility at infinite dilution through:

∆GTransf = −RT lnKO, (6.1)

where R is the gas constant, T is the temperature, and KO is the Ostwald coefficient,

defined as the ratio of number densities between the liquid and vapor phases. In order to

obtain ∆GTransf , configurational-bias Monte Carlo simulations in the NpT Gibbs ensemble

are run for systems containing a box of liquid water and a vapor box which contains both

the solute of interest and helium at 300 K and 1 atm; helium is added to ensure the vapor

box does not collapse during the simulation. Solute and water molecules are allowed to

transfer between the two boxes, allowing for computation of a transfer free energy.

Table 6.2 provides the simulation results along with ranges over which experimental

values have been reported [265]. Note that the experimental data have been converted

from Henry’s Law constants. The data show that, for both the CG and UA models, nonane

∆GTransf results fall above the range of experimentally measured values, though the UA

results are closer. For hexanol, results for the CG model are in agreement with experiment,

within uncertainty, while the UA values are slightly smaller.
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Table 6.2: Transfer free energies.

CGa UAa Experiment,a [265]
Nonane 22.04 16.84 7.1 to 13.6
Hexanol −16.37 −14.05 −19.5 to −17.0

aFree energies are given in units of kJ/mol.

6.2.2 Simulations of Surfactant Systems

Configurational-bias Monte Carlo, in theNwatNC10E3pbilµiT osmotic Gibbs ensemble, serves

as the driver for simulations of surfactant containing systems, where the subscripts “wat”,

“C10E3”, “bil” and “i” refer to water, surfactant, the bilayer box, and the solute of interest,

i. A two-box setup is employed in which the first box contains a C10E3 bilayer solvated by

water, yielding a 50/50 weight percent mixture, at 300 K and 1 atm. When replicated in

all directions this “unit cell” yields a lamellar structure, which is found to be stable in the

present simulations, in agreement with experiment [83]. The second box contains an ideal

gas of either n-nonane or 1-hexanol at 300 K and a given ai, referred to as either anona

or ahexOH, respectively. The compressibility factors for solutes from each model, which are

listed in Table 6.1, confirm that the solutes are indeed in the ideal regime at the simulation

conditions.

6.2.3 Simulation Parameters and Force Fields

All calculations discussed in the present work are run using the MCCCS-MN software

suite [176]. Molecules in each box are allowed to translate and rotate, and with the excep-

tion of water, undergo conformational changes. The probability for a volume move is set

to 2/Nmolec, where Nmolec is the total number of molecules in the system, yielding ≈ 1 ac-

cepted move per cycle. In two-box systems, volume moves, in addition to particle swap and

identity exchange [66, 131, 132] move probabilities are chosen to have a cumulative value of

0.3. Remaining probabilities are distributed among configurational-bias (CBMC), transla-

tion, and rotation moves, on the basis of relevant degrees of freedom. This distribution of



83

probabilities yields a balance between accepted particle transfers (where applicable) and the

remaining move types. For UA surfactant molecules, 40% of CBMC moves were conducted

through use of the self-adapting fixed-endpoint variant of the CBMC algorithm [135], in

order to enhance conformational sampling of the molecule’s interior segments. Molecule

identity exchange moves are only conducted for solute-type molecules, and are introduced

to compensate for the low acceptance rate associated with transferring molecules between a

gas and relatively dense liquid phase. These moves involve the use of two impurity molecules

for each solute, which represent one third and two thirds of the full molecule, respectively.

Only the smallest impurity is allowed to transfer between boxes directly through swaps,

while the larger impurity and the solute itself can only move between boxes by exchanging

identities with either one of the impurities or the solute. A uniform biasing potential is

applied to the impurity molecules in the condensed-phase box in order to ensure that they

spend an equivalent amount of the simulation in each of the boxes [66]. The number of

molecules used for surfactant-containing simulations are listed in Table 6.1. For support

calculations, 1100/5250, 2/2 and 25/25 molecules of water, solute, and helium are used in

the UA/CG transfer free energy simulations, while 500/1000 molecules are used for UA/CG

vapor pressure calculations. In all simulations, only one molecule of each impurity type is

present.

The Shinoda-DeVane-Klein (SDK) force field, which has been used extensively to study

surfactant systems, is employed for the CG simulations, generally utilizing a three-to-one

mapping of heavy atoms to a single interaction site (for example, propane would be repre-

sented by a single “bead”), and mapping three water molecules to a single CG site [109, 110].

These simulations use a 15 Å cutoff and no tail corrections. The Transferable Potentials

for Phase Equilibria united-atom (TraPPE-UA) force field [137, 140, 141], which merges

hydrogen atoms not belonging to polar functional groups with their parent heavy atom, is

used in conjunction with the four-site TIP4P water model [199], for the UA representation.

Here, a 14 Å cutoff with tail corrections is employed, and Coulomb energies are computed

through a neutral-group-based cutoff approach. Unless otherwise stated, all calculations

use four independent simulations and at least 3× 105 and 1.5× 105 cycles of equilibration

and production, respectively, where one cycle is comprised of Nmolec Monte Carlo steps. Er-

rors are reported as a subscripted uncertainty in the last digit on the computed value, and
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correspond to standard errors of the mean for support calculations, and the 95% confidence

interval for all other data.

6.3 Equilibration of Surfactant Systems

It is important to evaluate whether initial system setup or sampling methods influence final

simulation results. In the present work, this is addressed by probing the influence of i. initial

system loading, ii. initial system geometry, and iii. cell volume/shape sampling approach

on loading in the nonane-containing CG system. To do so, eight independent simulations are

run, half of which were initialized with a slab of NC10E3 nonane molecules present within the

bilayer, and the remaining nonane molecules in the reservoir (a “full bilayer” setup) while

the other half were initialized with a “bare bilayer”, having all nonane molecules in the

reservoir. For a given setup (i.e., “bare” or “full bilayer”), two initial geometry types having

the same total volume were tested: i. elongated in the z-direction, which is perpendicular

to the bilayer interface, and ii. compressed in the z-direction. Finally, two bilayer box

cell sampling approaches were evaluated for each initial loading and geometry via a move

which changes the volume of the system by altering either x and y box lengths in a coupled

fashion or the z box length independently (a “coupled xy volume move”), and a move

in which coupled changes in xy are compensated by changes in z, thereby maintaining

the overall cell volume (a “coupled xy constant volume cell move”). Figure 6.1 shows the

volume equilibration trajectories as well as the final density profile for each simulation, and

demonstrates that choice of cell sampling approach and initial geometry has no influence

on the final equilibrated structure. Thus, all remaining equilibration simulations (i.e., CG

hexanol, UA nonane, and UA hexanol) use a single initial geometry, only coupled xy volume

moves to sample cell volume/shape, and are initialized with half the systems having a “full

bilayer,” and the other half “bare”.

Following volume equilibration of the initial system, particle transfer between the bilayer

and reservoir boxes is introduced for prediction of loading. Five replicate simulations are

launched for each system type (CG or UA and nonane or hexanol), differing by ai, which

ranges from 0.25 to 1.25. Trajectories corresponding to particle transfer equilibration are

monitored for each system, and convergence of loadings between the “bare” and “full” setups

serve as an indicator that equilibrium has been achieved. Figure 6.2 shows an example of
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Figure 6.1: Top: Volume equilibration trajectory plots for CG systems with nonane as the
solute. The left and right columns correspond to “bare” and “full” bilayer setups, respec-
tively. The vertical black line indicates the point at which multiple independent simulations
were launched. Bottom: Density profiles for the volume-equilibrated systems. Columns are
as given for the top figure. Orange, black, teal, and blue lines correspond to nonane, the
C10 portion of the surfactant, the E3 portion of the surfactant, and water, respectively.
Solid, dashed, dotted, and dot-dashed lines correspond to simulations initialized with an
elongated z-dimension and using constant volume cell moves, a compressed z-dimension and
using constant volume cell moves, an elongated z-dimension and coupled volume moves,
and a compressed z-dimension and coupled volume moves, respectively.
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particle transfer equilibration trajectories for the CG nonane system. These plots also serve

as one way to distinguish system stability; for example, as is shown in Figure 6.2, head group

area, AC10E3 remains largely unaffected as anona is increased, however an abrupt change

in the loading isotherm and z-box length trends at anona ≥ 1.0 is observed, indicative of

nucleation of a bulk-like solute layer between monolayer sheets. Note that this behavior is

not entirely unexpected, as the vapor reservoirs in these simulations are at and above the

solute vapor pressure. The implication of such behavior is that the surfactant bilayer serves

to lower the nucleation barrier for the bulk-like liquid solute phase. Thus, only simulations

below ai = 1.0, which more rigorously correspond to a lamellar phase, are discussed in

detail. For all systems, loading equilibration was run for at least 5 × 106/6 × 105 cycles,

and production was run for at least an additional 5× 106/4× 105, for the CG/UA systems,

respectively. Once systems were equilibrated, 8 to 16 independent production runs were

launched at each ai.

6.4 Results and Discussion

6.4.1 Nonane Loading

Unary loading isotherm data, constructed for stable systems (anona ≤ 0.75), are provided in

Table 6.3. Both CG and UA nonane undergo monotonic increases in uptake with increas-

ing reservoir pressure, however both simulation types also exhibit small positive deviation

from ideal loading behavior. This behavior suggests that nonane loading helps stabilize

the bilayer, likely by enhancing favorable hydrophobic interactions within the bilayer inte-

rior. Note that experimental studies for the ternary C10E3/water/docecane system show

stability of the lamellar phase at similar compositions [83]. Snapshots of the CG and UA

systems, provided in Figure 6.3, show that the two systems look very similar to one an-

other, with nonane exhibiting a preference to load between monolayer leaflets, and water

generally being excluded from the bilayer interior; visually, the primary difference between

the two systems is a larger degree of disorder in the UA system, which, to some extent, is

due to the increase in model resolution. Density profiles, shown in Figure 6.4, provide a

more detailed comparison of the structures of each system. With the exception of the CG

profiles being more extended in the z-direction than those for the UA systems, trends are
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Figure 6.2: Loading trajectories for equilibration of CG bilayer systems with nonane so-
lutes. The zero of the x-axis corresponds to the point at which particle transfer and identity
exchange moves were introduced. Blue and magenta lines correspond to systems initialized
with a compressed z-dimension while cyan and orange lines are provided for systems initial-
ized with an elongated z-dimension. Blue and cyan lines also correspond to systems which
utilize coupled xy constant volume cell moves, while magenta and orange lines correspond
to systems using only coupled xy volume moves. Two lines of the same color in any given
plot correspond to simulations using a “bare” and “full” bilayer setup, but otherwise running
with the same protocols.
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Table 6.3: Nonane loading properties.
CG UA

anona
loading AC10E3 tbil loading AC10E3 tbil rete 〈S〉

Nsol/NC10E3 [Å2] [Å] Nsol/NC10E3 [Å2] [Å] [Å]
0.00 0.0 34.86 28.22 0.0 411 24.73 15.865 0.131

0.25 0.0661 34.81 29.11 0.102 421 25.53 15.903 0.131

0.50 0.1565 35.21 30.41 0.213 431 26.75 15.912 0.141

0.75 0.291 35.51 32.32 0.336 431 28.34 16.082 0.141

consistent between the two models. In both cases, the nonane density profile exhibits a

single peak at z = 0, which increases in height with loading. The C10 density at the center

of the bilayer is decreased and the profile is shifted to the right, as a consequence. The E3

and WAT profiles maintain a roughly constant maximum density, but are also shifted to the

right with increased nonane loading. Dissipative particle dynamics (DPD) simulations of a

lamellar C10E6 system containing octadecane solutes has yielded similar results; surfactant

leaflets were found to be pushed away from each other at higher solute concentrations, de-

creasing the amount surfactant at the interior of the bilayer [259]. Additionally, the solutes

were found to load between monolayers, exhibiting a single broad peak.

The observed trend of increased C10E3 separation upon nonane loading is also reflected

in increasing bilayer thickness, tbil, as is shown in Table 6.3. Note that, in the present work,

bilayer thickness is taken as two times the length corresponding to the midpoint between

the 10 and 90% points along the water density profile. Water, rather than C10E3, is used

to define the location of the interface to avoid inconsistency in computation introduced

if/when solutes intercalate into the surfactant head-groups, and/or when an uneven num-

ber of surfactant molecules are contained in each leaflet. Small-angle neutron scattering

experiments of a C10E3/water lamellar system at comparable conditions yield a bilayer

thickness of 27.6 Å, based on the change of interlayer spacing as C10E3 volume fraction

is varied [252]. Considering the multiple ways to define bilayer thickness from simulations

data (i.e., based on the solvent or C10E3 profile, using a 10/90% or Gibbs dividing sur-

face definition of interface location, etc.), as well as the assumptions that enter in the
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anona = 0.25  anona = 0.50  anona = 0.75  

Figure 6.3: Snapshots of nonane-containing bilayer systems at varied anona, in CG (top)
and UA (bottom) representations. Water is rendered as a blue transparent surface. For
CG representations, alkyl, ether, and methoxy beads are given in gray, cyan, and pink,
respectively, while solute alkyl groups are given in yellow for clarity. In the UA snapshots,
CHx, oxygen, and hydrogen units are given in gray, cyan, and pink, while solute CHx beads
are given in yellow.

experimental measurement (i.e., that bilayer thickness is independent of surfactant con-

centration), the experimental and simulation values are in good agreement. Head group

area, AC10E3, is found to undergo negligible changes, further demonstrating the tendency

for nonane molecules to preferentially partition into the center of the bilayer, rather than

to intercalate into the monolayer/water interface. Values for the CG and UA system bound

the experimental value for generic ACxE3 of 36.8 Å2 [80].

The angle formed between a vector along the z-axis (perpendicular to the interface) and

one formed between two atoms separated by two bonds (a “1–3” vector), can be utilized to

compute an order parameter according to S1−3 = 0.5〈3 cos2 θ−1〉, where the average is over
the 1–3 vector of interest, across all molecules. This value, which can also be determined

experimentally, varies between 1 and −0.5, corresponding to alignment perpendicular to
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Figure 6.4: Bilayer density profiles. The top and bottom rows correspond to CG and UA
systems, respectively, and the left and right columns correspond to nonane and hexanol
containing systems, respectively. Colors and line styles are described in legends. Solutes
and the full C10E3 molecule are given in orange and gray, respectively.

and parallel to the interface respectively, and is zero for a randomly ordered system. The

average of all S1−3 along molecules yields the average order parameter, 〈S〉, and provides

a description of overall chain order. Figure 6.5 demonstrates how S1−3 varies from the

terminal alkyl portion of the surfactant to the polar end. As the interior of the chain is

approached from the alkyl terminus, the preferred orientation becomes more perpendicular

with respect to the interface. A maximum is reached near the 6th vector (counting from

zero) From there, the chains displays more disorder, stabilizing around a value of 0.1. The

last 1–3 vector, which corresponds to the terminal C–O–H group, exhibits no orientational

preference, on average. In general, Figure 6.5 and the 〈S〉 values given in Table 6.3 show that

changes in order upon loading of nonane are negligible. This result is somewhat expected

as nonane is found to primarily load between leaflets, near the relatively disordered part of
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Figure 6.5: Order parameter moving down the UA C10E3 molecule, where the x-axis gives
the index of the vector formed by the ith and (i + 2)th backbone atoms. Line colors and
style are described in the legend. The vertical blue line at x = 8 indicates the index of
the order parameter centered on the α carbon. The inset figure shows a C10E3 molecule
with atoms indexed, where gray, cyan, and pink is utilized to represent CHx, oxygen, and
hydrogen atoms. Names for oxygen and hydrogen atoms are also given in the inset figure,
where “E” and “L” refer to ether and hydroxyl types, respectively.

the surfactant alkyl tail. The presence of nonane is found to lead to slightly more extended

chains, as is shown by increased surfactant end-to-end distances, rete, upon nonane loading.

This extension, which only becomes appreciable at anona = 0.75, is likely caused by the

ability of loaded nonane molecules to “screen” surfactant tails from alkyl/ether interactions

between opposing leaflets.

A similar S shape is observed experimentally for CxEy lamellar surfactants, where order

is shown to increase when moving from the alkyl terminus to the vicinity of the polar/non-

polar interface within the molecule, and diminishes towards zero at the terminal polar

portions; however, the values along the chain vary significantly with surfactant composition.

Experimentally measured values for S1−3 at the α carbon position (i.e. atom number 10 in

Figure 6.5) range from ≈ 0.085 for C12E5 surfactants to ≈ 0.11 for C12E4 surfactants [253,

254, 255]. Generally, an increase in order is observed when decreasing the length of either
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z-COM exhibiting a given order parameter (S), at anona of 0.25, 0.50, and 0.75.
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the head or tail group, which is consistent with what is seen in the present work, where

S1−3 values at this location are larger than those mentioned above. Other features that

can increase ordering include the presence of curved interfaces and ionic surfactants.

The order parameter distribution between nonane end-to-end vectors and the interface

normal was also evaluated, as a function of solute z-center-of-mass position (z-COM). The

results, shown in Figure 6.6, indicate that nonane exhibits very similar behavior in both the

UA and CG systems. At anona = 0.25, solutes prefer to orient parallel to the interface; as

anona increases, this preference becomes less prominent, with disorder (S = 0) emerging as

a secondary location of moderate probability, at higher anona. The emergence of disorder at

the interior region of the bilayer is likely caused by crowding of nonane at higher loadings.

The primary difference between the CG and UA heat maps is the stronger preference for the

parallel orientation that is exhibited by the UA systems. This higher preference is likely due

to the relatively larger ratio of AC10E3 to tbil for the UA system, meaning that solutes have

more room to orient themselves parallel to the interface than in the CG system. It should

be noted that, while non-zero probabilities exist for z-COM values approaching 10 Å, the

density profile in Figure 6.4 indicates that this is not a common location for the solute.

Hydrogen bonding to and from the surfactant for nonane containing systems is provided

in Figure 6.7. The criteria for a hydrogen bond [266] is an O· · ·H distance≤ 2.5 Å, an O· · ·O
distance ≤ 3.3 Å, and an O· · ·H–O angle cosine ≤ −0.1. A trend in the C10E3 oxygen

data emerges, where hydrogen bonding (particularly to water) increases when moving from

the “OE1” oxygen to the “OL” oxygen for any given system type, which can be attributed

to the proximity of the atoms to the water slab. Hydrogen bonding with the surfactant

is not found to vary with nonane loading, consistent with the tendency of nonane to load

between surfactant leaflets, rather than in the vicinity of the surfactant/water interface.

There has been significant debate surrounding the structure of water in the vicinity

of ether groups in molecules like C10E3 [87, 89, 90, 91, 256]. Many experiments have

attempted to elucidate this structure, however there are diverging opinions, with numbers

ranging from 3 to 9 bound water molecules per surfactant. Furthermore, different measuring

techniques (i.e., NMR, FT-IR, etc.) define “bound” water differently, which can contribute

further to inconsistent answers. Additionally, these studies do not distinguish how these

water molecules are distributed across the surfactant. The hydrogen bond analysis in the
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Figure 6.7: Hydrogen bonding in the UA systems to C10E3 from C10E3, water, and hexanol.
Atom names are given above each cluster of bars and correspond to the naming convention
given in Figure 6.5. The simulation type corresponding to each set of data is inset within
each bar for all but OE1 with ahexOH = 0.25, and hexOH H with ahexOH = 0.25, where
labels are given to the right of the corresponding column.

present work also sheds light on the number of water molecules per surfactant. Here, we

describe the number of bound water molecules as the sum of nH−bond for OE1, OE2, OE3,

OL, and HL with water, and find a value of 3.21 for the system at ai = 0, where the number

of water molecules bound to atoms in C10E3 varies from 0.3543 at OE1 to 1.001 at OL1,

and 0.6451 at HL1.
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Table 6.4: Hexanol loading properties.
CG UA

ahexOH
loading AC10E3 tbil loading AC10E3 tbil rete 〈S〉

Nsol/NC10E3 [Å2] [Å] Nsol/NC10E3 [Å2] [Å] [Å]
0.00 0.0 34.86 28.23 0.0 411 24.73 15.865 0.131

0.25 0.361 39.22 27.92 0.91 512 25.26 16.333 0.141

0.50 0.764 43.84 29.33 – – – – –
0.75 1.285 48.75 30.43 – – – – –

6.4.2 Hexanol Loading

The hexanol-containing systems exhibit significantly different trends. Table 6.4 shows that,

for both UA and CG systems, hexanol loads into the surfactant in substantially larger

amounts compared to nonane. Furthermore, snapshots for these systems, provided in Fig-

ure 6.8, demonstrate that the mechanism of hexanol loading is significantly different than

that of nonane. In both the UA and CG cases, hexanol exhibits water/surfactant interfacial

activity, driven by the amphiphilic nature of the solute. The snapshots also indicate that, in

the CG systems, water remains excluded from the bilayer interior, and hexanol is relatively

disordered at all loadings, with hydroxyl/methoxy groups not showing a strong preference

to point toward the water layers (particularly at high loading).

Similar to the nonane results, hexanol loading exhibits positive deviations from ideal

behavior. Interestingly, other simulation work, which used a hybrid grand canonical Monte

Carlo (GCMC) DPD approach found that certain model alcohols exhibit negative deviation

from ideality [98]. In the aforementioned system, the alcohol solute was much smaller

than the surfactant, containing only one polar and one non-polar bead, compared to the

surfactant, which contained three polar beads and two non-polar tails, comprised of five

beads each. The alcohol solute was found to sit almost exclusively at the interface, though

alcohol molecules would occasionally diffuse into the water. The difference in loading trends

between the present work and those coming from the GCMC/DPD simulations stem largely

from the fact that small alcohols, such as those simulated in the GCMC/DPD work, have

high interfacial activity and posses hydrophobic portions which are too small to contribute

to bilayer stability. In contrast, the alkyl chain in hexanol is significantly longer, allowing
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ahexOH = 0.25  ahexOH = 0.50  achexOH= 0.75  

Figure 6.8: Snapshots of hexanol-containing bilayer systems at varied ahexOH in CG (top)
and UA (bottom) representations. Colors are as given in Figure 6.3. Systems within
brackets were found to have become unstable.

the molecule to interact favorably with a larger portion of the surfactant. As a consequence,

hexanol is found to distribute more homogeneously across the bilayer than the small alcohol

studied in the GCMC/DPD work.

Different behavior is observed for the UA systems. At ahexOH = 0.25, the solvent shows

higher penetration than the equivalent CG system, introducing a higher degree of disorder,

and at higher ahexOH, the system becomes unstable despite being below ahexOH = 1. Indi-

cators of instability are shown in the snapshots of the hexanol containing UA systems at

ahexOH = 0.50 and 0.75, which were taken at the point where solvent was found to bridge bi-

layer leaflets; in contrast to the system at ahexOH = 0.25, at higher ahexOH, hexanol clusters

begin forming which attract water to the interior region of the bilayer, attracting the polar

portion of the surfactant into the interior. This result suggests a few possibilities, the first

being that the UA model may predict that the 50/50% volume mixture of water/surfactant

studied here is closer to a phase boundary than the CG model. An alternative possibility is

that, for small, highly associating solutes which can act as secondary surfactants, the ability
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of the solute to entrain water within the bilayer is enhanced and promotes instability. Thus,

this behavior may not be observed in systems which do not strongly aggregate (i.e., do not

form hydrogen bonds). Finally, the differing results could be a consequence of system size

effects.

Density profiles for hexanol-containing systems are provided in Figure 6.4, and demon-

strate that the solute is distributed across the bilayer. In the CG systems at ahexOH =

0.25, a single small peak emerges at the point where the density profiles for the C10 and E3

segments of the surfactant intersect. As ahexOH increases, a second hexanol peak emerges

at the bilayer interior, and becomes larger than the interfacial peak at ahexOH = 0.75. The

presence of hexanol most significantly perturbs the height of the surfactant density profiles;

in contrast to the CG nonane systems and despite significantly higher loadings, surfactant

monolayers are not pushed apart as strongly. This behavior, reflected in tbil values which

are equivalent or smaller for the hexanol-containing systems to those containing nonane,

despite having relatively higher loadings, is largely due to the interfacial activity of hex-

anol; systems containing hexanol exhibit significantly larger AC10E3 values. When AC10E3

is increased, the volume in a given z-slice is increased, which leads to the decreasing overall

surfactant density profiles shown for hexanol in Figure 6.4.

The density profiles for the UA systems provide a slightly different picture. Hexanol

exhibits two small peaks, one at the C10/WAT interface, and the second at z ≈ 5 Å. A

more significant presence of the E3 portion of the surfactant at the bilayer interior are is

also observed for the UA system. When compared to UA systems containing nonane at

equivalent ai, systems loaded with hexanol exhibit a slightly larger higher rete, but roughly

equivalent 〈S〉. Figure 6.5 demonstrates that the only significant difference between S1−3

values for hexanol and nonane containing systems occurs for vectors which correspond to

atoms 9 an 12, which are two atoms away from OE1 and OE2, respectively; note that atoms

OE1 and OE2 are the surfactant oxygen atoms to which hexanol forms the largest number

of hydrogen bonds, as is shown in Figure 6.7.

The order parameter distribution for hexanol in C10E3 is provided in Figure 6.9. Fo-

cusing first on the CG data at ahexOH = 0.25, two regions of relatively high probability

density are apparent, the first at a constant value of S = −0.5, and the second emanating

from S = 0 for z = 0, and going to slightly larger S values at larger z. As loading is
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Figure 6.9: Heat maps showing the probability to find a hexanol solute with a specific
z-COM exhibiting a given order parameter (S), at ahexOH of 0.25, 0.50, and 0.75.
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increased, the first region vanishes, while the second becomes less diffuse. As was seen for

the nonane systems, at the bilayer interior, preference for the parallel alignment is replaced

with a preference for disorder as ahexOH is increased. Once again, this behavior is attributed

to crowding at higher loadings. The larger tendency towards disorder observed for hexanol

when compared nonane can likely be explained by the tendency of hexanol to load in greater

quantities than nonane at any given activity as well as the ability of hexanol to form clus-

ters, leading more significant disorder. The small but non-zero tendency for hexanol to load

in arrangements parallel to the interface in the vicinity of of water is somewhat unintuitive,

but snapshots for the CG and UA systems at ahexOH = 0.25 show that these molecules are

indeed present, and generally are those which do not have hydroxyl groups embedded in

the water. Instead, the hydroxyl groups of these molecules point towards surfactant polar

groups or other hexanol molecules in the vicinity. The order parameter distribution for UA

hexanol at ahexOH = 0.25 exhibits the same two regions as for the CG system, though they

are less defined.

Hydrogen bond analysis for the surfactant in the hexanol containing system, shown in

Figure 6.7, indicates that overall hydrogen bonding between the surfactant and water is

comparable to that observed for the bare and nonane containing systems. The presence of

hexanol does not modify existing H-bonds to C10E3, but rather adds to what is already

present. The largest number of hydrogen bonds between hexanol and the surfactant are

observed for “OE1” and “OE2,” which are closest to the bilayer interior and thus experience

the least competition with water. Hydrogen bond analysis of the hexanol molecule indicates

that the largest fraction of H-bonds to hexanol oxygen atoms come from water, with the

remainder divided nearly equivalently between the surfactant and hexanol. In contrast,

hexanol donates more H-bonds to itself, rather than C10E3, though the largest amount

are donated to water. These data agree with density profiles, which show that hexanol is

distributed throughout the bilayer

6.5 Conclusions

Monte Carlo simulations in the osmotic Gibbs ensemble have been conducted to study

nonane and hexanol loading and structure in a lamellar C10E3/water system. Overall,

solute loading was not found to have a large influence on chain ordering, however the



100

solutes themselves exhibited a greater preference for disordered arrangements at the bilayer

interior as loading was increased. Nonane loading was shown to exhibit positive deviations

from ideal loading, and solutes exhibited a preference to load between monolayers, primarily

perturbing the bilayer by increasing its thickness. At corresponding activities, hexanol was

found to yield much higher loading, and undergo uptake in a substantially different manner.

The amphiphilic nature of the solute lead to interfacial activity, and thus surfactant head

group area was found to increase significantly with hexanol loading. Hexanol was also found

to exhibit a more significant presence near the interface at higher loading. The UA hexanol

loading calculations were found to become unstable before ahexOH = 1. It was found that

this instability was encouraged by formation of hexanol clusters between bilayer leaflets,

which lead to increased water penetration and entrainment within aggregates, and inclusion

of C10E3 in hexanol/water clusters. Differences in results between the CG and UA systems

could be caused by differences in each model’s phase diagram (i.e., the UA system may be

closer to a phase boundary), system size effects, or the ability of the UA system to form

hydrogen bonds.

In general, however, the coarse-grained representation is in good agreement with the

UA on the system on the relevant trends and features of the nonane-containing systems, in-

cluding loading and structure. The CG force field also captures the enhancement of hexanol

loading found by the UA simulations when compared to nonane, however, in general, does

not agree as closely as nonane CG/UA systems. Nevertheless, the CG hexanol simulation

data provide useful insights into loading characteristics of polar solutes.



Chapter 7

Simultaneous Loading of Non-Polar

and Amphiphilar Solutes in

Surfactant Bilayers

7.1 Introduction

In fields ranging from drug design [95, 248, 249] to home and personal care product

formation[7, 267], solubilization of species in structured surfactant materials is an extremely

important phenomenon. As such, numerous studies have been conducted with the aim of

understanding and predicting solute loading and system structure. The majority of these

studies rely on thermodynamic models and correlations to glean insights into such sys-

tems [94, 96, 97, 268]. Unfortunately, however, these models are not without short comings.

For example, linear solvation free energy relationships (LSER’s) require the solute to be at

infinite dilution, which is seldom the case for practical application [94, 98], and thus, comes

at the expense of understanding concentration dependent loading effects. Other thermody-

namic models either rely on a priori knowledge of system structure, using the location of

the solute within the system to determine appropriate contributions to solubilization free

energy [93], or attempt to accomplish the reverse, using thermodynamics to extrapolate

The reference “[Ch.6]” refers to the contents of Chapter 6.
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structural changes [94, 97, 268].

Experimental studies of polar solute loading in various trimethyl ammonium bromide

and sodium dodecyl sulfate micelles, [94] for example, have yielded a somewhat idealized

view of system structure upon loading. Based on the observation that transfer free energies

for primary alcohols ranging in length from 1-butanol to 1-heptanol from water into micelles

were more favorable than for n-dodecane, it was concluded that alkanols mainly locate at

the surfactant interface. In contrast, molecular simulation studies of loading of 1-hexanol in

lamellar mono-n-decyl ether (C10E3) [Ch.6] have yielded a more complex view of micellar

structure, showing that primary alcohols can be distributed from the bilayer interior to

the surfactant/water interface, showing only small enhancements near the interface, at

low loadings. Other studies [269, 270, 271, 272, 273] have concluded that ordering of

monolayer alkyl tails in bilayer systems is the primary reason that solute solubility can

be substantially different than in bulk oil, based on thermodynamic measurements. While

surfactant ordering may play a significant role, there are additional factors that can influence

solute uptake. For example, it has been shown that entrainment of water within micellar

structures can lead to supression of solute loading, even for solutes that can form hydrogen

bonds [96].

Matters only become more complicated when additional components are introduced.

Many studies [92, 96, 251] have shown that both enhancement and suppresion in drug

loading is possible depending on the nature of the cosolvent, however, detailed structural

analysis was not conducted, leading authors to simply conclude that use of cosolvent can

alter micellar structure. Light scattering studies of drug solubilization in oil-in-water (o/w)

type micelles [96, 274, 275, 276] have demonstrated that, when oils are small and interfacially

active, drug solubilization is small. From this behavior it was concluded that these small oils

tend to exist at the surfactant/water interface rather than micelle interior, where the drug

molecules would prefer to partition. Larger oils, on the other hand, were shown to partition

more considerably into the micelle interior, and thus lead to enhancement in drug solubility.

Synergistic loading (i.e. enhanced solubility of a given compound type in the presence of

an additive) has also been observed when non-polar solutes are loaded simultaneously with

quadrupolar solutes in various ionic surfactants [268]; experiments studying the uptake of

hexane in the presence of benzene lead the authors to the conclusion that, contrary to the
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earlier belief that benzene loaded exclusively at the micelle core, at least some benzene is

present at the interface [268].

Molecular simulation provides a straight-forward and complementary means to inves-

tigate fundamental aspects of the aforementioned phenomena, particularly because the

coordinates of all molecules within the system are a direct observable. Indeed, a signifi-

cant number of simulation studies have been conducted for solute/surfactant systems [114,

116, 118, 260, 277] yielding valuable insights into system structure and stability, and even

using results to inform thermodynamic-based solubilization predictions [93]. For example,

simulations studying the loading of coarse-grained, small alcohols (intended to represent

ethanol) in non-ionic surfactant bilayers confirm that sufficiently small interfacially active

molecules can indeed preferentially locate at the surfactant water interface [98]. Others

have studied the influence of small quantities of polycyclic aromatic hydrocarbons on the

structure and dynamics of ionic surfactant micelles, and found that micellar structure was

largely invariant to the presence of solutes, and that solutes spent time in both the interior

and surface regions of the micelle [278]. In the present work, coarse-grained osmotic Gibbs

ensemble configurational-bias Monte Carlo simulations are leveraged to study synergistic

loading of 1-hexanol and n-nonane in a lamellar C10E3 and water system. Detailed struc-

tural analysis is provided along with discussion of possible factors contributing to synergistic

and competitive loading.

7.2 Simulation Details

The loading simulation setup involves use of three boxes which are in thermodynamic

equilibrium with one another but do not share explicit interfaces. The first box contains a

“unit cell” of the lamellar system, comprised of a 50/50 weight percent mixture of triethylene

glycol mono-n-decyl ether (C10E3)/water, while the remaining two boxes contain gas phase

nonane and hexanol, respectively. Nonane and hexanol molecules are allowed to transfer

between their respective gas phase and the lamellar C10E3/water box, thus, by controlling

the pressure of each solute reservoir box, one controls the effective concentration of solute in

the surfactant system. All simulations in the present work are conducted through the use of

the MCCCS-MN software suite [176] and the Shinoda-DeVane-Klein (SDK) coarse-grained

force field [109, 110].
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Figure 7.1: Circles: binary VLE computed for hexanol and nonane mixtures at 300 K
using the SDK [109, 110] force field. Data for nonane molfractions of 1 and 0 are taken
from previous work [Ch.6]. Asterisks: (anona, ahexOH) values investigated in the present
work. Data for simulations at (0.25, 0.00), (0.50, 0.00), and (0.00, 0.25) are also taken from
previous work [Ch.6].

7.2.1 Support Calculations

As described previously [Ch.6], the pressure of each solute reservoir is controlled in terms of

a scaling value, ai = pi,res/p
∗
i , where pi,res is the solute reservoir pressure and p∗i is the vapor

pressure of solute i, predicted by the simulation force field; vapor pressures for SDK hexanol

and nonane are taken from previous work [Ch.6]. In the case where two solutes are utilized,

such as in the present work, one also needs to know the phase diagram for the binary solute

system system, in order to ensure that the solute matrix is in the vapor phase region of the

phase diagram at the given reservoir ai values. Note that the notation (anona, ahexOH) will

be used henceforth to describe the ai values for simulation, where subscripts “nona” and

“hexOH” refer to the solutes nonane and hexanol, respectively.
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Binary VLE data are obtained through 2-box Gibbs [107, 108] NpT ensemble simula-

tions at 300 K and pressures ranging between the previously computed vapor pressures of

nonane and hexanol, determined by the SDK force field [Ch.6]. A total of 2000 molecules

are used, where the ratio of nonane to hexanol molecules is adjusted at each pressure to

ensure an adequate amount of molecules in the vapor phase. Volume move probability is

set to 2/Nmolec where Nmolec is the total number of molecules in the system, resulting in ap-

proximately one accepted move per cycle. Swap move probabilities were set to 0.3, and the

remaining probability is distributed across configurational bias [104, 105, 106, 134], trans-

lation, and rotation moves according to the relevant number of degrees of freedom. At least

50,000 cycles of equilibration is performed at each pressure, where 1 cycle is equivalent to

Nmolec steps, and production was run for at least 200,000 additional cycles. Reported errors

correspond to the standard error of the mean over eight independent simulations. The re-

sulting binary phase diagram is given in Figure 7.1, along with the location of (anona, ahexOH)

combinations discussed in the present work.

7.2.2 Surfactant Containing Systems

Solute loading calculations are performed through the use of configurational-bias Monte

Carlo simulations in the osmotic NwatNC10E3pbilµnonaµhexOHT Gibbs ensemble, where N ,

µ, and T correspond to number of molecules, chemical potential, and temperature, and

the subscripts “C10E3,” “bil”, and “wat,” refer to the C10E3 surfactant, the bilayer sim-

ulation system and water, respectively. The surfactant containing box is held at 300 K

and 1 atm, where the 50/50 weight percent C10E3/water system has been shown to form

a stable lamellar phase [83] [Ch.6], while the solute reservoir boxes are at 300 K and a

given (anona, ahexOH). With the exception of the additional solute reservoir box, simula-

tions are conducted using protocols described previously [Ch.6]. To briefly summarize, 8 to

16 independent simulations are conducted at each (anona, ahexOH), where two independent

simulations are initialized with a slab containing a mixture of 50 molecules of each solute

type, between bilayer leaflets, and the remaining two independent simulations are initial-

ized with no solutes in the bilayer. Once equilibrated through translational, rotational,

configurational-bias, and volume moves, solutes are allowed to transfer between boxes. So-

lute transfer is achieved through a combination of molecule swap and particle identity
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Table 7.1: Bilayer properties.

anona ahexOH sourcea Nnona/N
b
C10E3 NhexOH/N

b
C10E3 AC10E3 [Å2] tbil [Å]

0.00 0.00 previous – – 34.86 28.22

0.25 0.00 previous 0.0661 – 34.81 29.11

0.50 0.00 previous 0.1565 – 35.21 30.41

0.00 0.25 previous – 0.361 39.22 27.92

0.25 0.25 present 0.0823 (255 %) 0.391 (105%) 39.92 29.82

0.50 0.25 present 0.211 (3510%) 0.411 (155%) 40.03 31.42
aPrevious data are taken from [Ch.6]
bValues in parenthesis give the percent enhancement compared to systems
with a single solute type, rounded to the nearest 5. Subscripted values give the error
in the average enhancement, also rounded to the nearest 5.

exchange [66, 131, 132] moves. Particle exchange moves involve the use of two “impurity”

molecules for each solute type, which represent one- and two-thirds of the full solute, re-

spectively. A uniform biasing potential is applied to each impurity in the C10E3/water box

to ensure an even distribution between condensed and vapor phases [66]. Simulations are

considered equilibrated once loading trajectories for each independent simulation converge.

Upon equilibration, production is run for an additional 106 cycles. Unless otherwise stated,

errors correspond to the 95% confidence interval, across independent runs. Simulations

consist of 100 C10E3 molecules, 1614 water molecules (538 coarse-grained beads), and 200

molecules of each solute type.

7.3 Results

Data related to solute loading are provided in Table 7.1 and demonstrate that there is signif-

icant loading enhancement of at least one solute, at both (anona, ahexOH) values investigated.

Experimentally, synergistic loading has been observed for hexane in cetylpyridinium chlo-

ride/water spherical micelles in the presence of benzene [268]. The curved nature of the

cetylpyridinium chloride/water spherical micelles makes it such that significant uptake of

solutes which do not lower surface tension requires an increase in micellar interfacial area,
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(anona, ahexOH) = (0.25, 0.25) (anona, ahexOH) = (0.50, 0.25) 

Figure 7.2: Snapshots of systems containing binary solutes. Water is represented as a
transparent blue surface while gray, cyan, and pink units correspond to alkyl, ether, and
methoxy groups, respectively. For clarity, alkyl groups in nonane are given in yellow while
alkyl groups in hexanol are magenta.

which has an associated free energy penalty. Based on thermodynamic arguments, the au-

thors suggests that, in order for hexane uptake to be enhanced, benzene must be present at

the interface to lower interfacial tension and thereby allow for creation of addition surface

area [268]. In the present work, however, the surfactant/water interface does not exhibit

curvature on average, thus the aforementioned arguments do not necessarily apply.

To understand the effects motivating solute loading enhancement or the current system,

structure is investigated. Snapshots for systems containing binary solutes are given in

Figure 7.2, and show that solutes load in an intuitive fashion; consistent with what is

observed for loading in the (anona, ahexOH) = (0.25, 0.00), (0.50, 0.00), and (0.00, 0.25)

systems [Ch.6], nonane appears to preferentially locate in the bilayer interior while hexanol

is distributed from the bilayer interior to the interface. The system density profiles given

in Figure 7.3 along with the surfactant head group areas (AC10E3) and bilayer thicknesses

(tbil) provide a quantitative view of structural changes. Focusing first on the surfactant

density profiles, the following can be seen: at (anona, ahexOH) = (0.25, 0.25), both the non-

polar (C10) and polar (E3) portions of the surfactant exhibit a decrease in density when
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compared to the profiles for the “unary” solute cases at (anona, ahexOH) = (0.25, 0.00) and

(0.00, 0.25). Concomitantly, the density of the C10 profile exhibits a small dip at z = 0,

indicating increased separation of monolayer leaflets, while the E3 profile becomes slightly

more narrow. The overall decrease in the C10E3 profile can be attributed to a combination

of increased AC10E3, compared to (0.25, 0.00), and an increase in the amount of solute

present within the bilayer compared to either of the unary cases. Bilayer thickness is not

found to change significantly for the (anona, ahexOH) = (0.25, 0.25) case. Surfactant density

profiles for the system with (anona, ahexOH) = (0.50, 0.25) exhibit the same trends, including

an equivalent AC10E3, though tbil is found to be slightly greater, due to the larger quantity

of solubilized compounds. Despite significant changes in the density profiles for the systems

containing a binary solute matrix when compared to those with unary solutes, Figure 7.4

indicates that the overall system density profile exhibits minimal differences between the

various (anona, ahexOH) values; changes in height and location of C10E3 profiles are largely

compensated by the presence of additional solutes, and subsequent changes in AC10E3.

Figure 7.5 provides the density profiles for solutes in each system. The increase in

resolution afforded by the change in range of the y-axis allows for the subtle differences

between solute profiles to be observed. It is immediately evident that, other than the

height of the nonane density profiles, no significant changes of shape occur when moving

from systems with a unary solute matrix to those with binary solutes. Changes in the

hexanol density profile at (anona, ahexOH) = (0.25, 0.25) are small, and primarily indicate a

slight shift towards the surfactant/water interface. The shift in hexanol density profile is

more substantial for the (anona, ahexOH) = (0.50, 0.25) case, however, for both systems with

a binary solute matrix, a slight decrease in hexanol density is observed at between z ≈ 3

and 7 Åcompared to the case with (anona, ahexOH) = (0.00, 0.25).

Another useful quantity to consider is the solute order parameter, Si:

Si = 0.5〈3 cos2 θ − 1〉, (7.1)

where θ is the angle formed between the solute end-to-end vector and the interface normal,

and the angled brackets indicate an average over all molecules of type i. A values of 1

indicates perpendicular alignment with respect to the interface, while values of −0.5 and

zero indicate parallel alignment, and no preferential orientation, respectively. Figures 7.6

and 7.7 provide heat maps which indicate the probability for a solute of a given type to be at
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Figure 7.3: System density profiles. Data for systems containing a single solute type are
adapted from [[Ch.6]. Line colors given in the top legend correspond to both plots.

a given z-center-of-mass location, with a given Si value. Both figures indicate that changes

are minimal for systems with binary solutes, when compared to systems with unary solute

matrices. A small decrease in preference for slightly perpendicular arrangements (S ≈ 0.2)

is observed for hexanol in both cases, when moving from systems with unary to binary solute

matrices, while nonane exhibits a slightly stronger preference for disordered arrangements.

Worded otherwise, the presence of additional solutes appears to only slightly influence S

values for each solute, generally by decreasing the relative importance of order. These

changes, albeit subtle, are not entirely surprising, as increasing the amount of solute can

lead to more crowding within the bilayer system.
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7.4 Discussion

Returning then, to the question of why synergistic loading is observed for hexanol and

nonane in the present system, the above analysis has demonstrated that most changes in

system structure upon introduction of additional solute types are subtle. Enhancement

of nonane loading is most readily attributed to the increase in AC10E3 which occurs upon

introduction of hexanol into the system; this increase leads to additional volume, particu-

larly between bilayer leaflets, for nonane to partition into. This explanation is consistent

with experimental studies of the factors influencing solute partitioning in lipid bilayer mem-

branes [279]. The authors found that, regardless of how the bilayer membrane was per-

turbed (i.e. through changes in temperature, cholesterol length, or phospholipid length),
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Figure 7.5: Solute density profiles. Data for systems containing a single solute type are
adapted from [Ch.6]. Line colors given in the top legend correspond to both plots.

perturbations that resulted in lower head group areas lead to decreased solubilization of

benzene, while changes that increased head group area resulted in increased solubilization.

The authors attributed this behavior to corresponding changes in disorder of the phos-

pholipid molecules [279], which is believed to modify the entropy associated with solute

uptake [269, 270, 271, 272, 273], however the changes in AC10E3 dealt with in the present

work are much smaller (≈ 5 compared to ≈ 15 Å2) and are not found to significantly alter

chain order [Ch.6].

The factors driving the small enhancements of hexanol in the (anona, ahexOH) = (0.25,

0.25) and (0.50, 0.25) cases are more elusive, however the observed changes in hexanol

density profile offer a possible explanation. Hexanol, when part of a unary solute matrix,

is found to distribute throughout the bilayer, at both the interior and interfacial regions.

Intuitively, one might have expected the amphiphilar solute to exhibit a much stronger
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Figure 7.6: Heat maps comparing the system with (anona, ahexOH) = (0.25, 0.25) to those
with (0.25, 0.00) and (0.00, 0.25), showing the probability for a solute of type i of given
z-center-of-mass location, with a given Si value. Data for systems containing a single solute
type are adapted from [Ch.6].
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Figure 7.7: Heat maps comparing the system with (anona, ahexOH) = (0.50, 0.25) to those
with (0.50, 0.00) and (0.00, 0.25), showing the probability for a solute of type i of given
z-center-of-mass location, with a given Si value. Data for systems containing a single solute
type are adapted from [Ch.6].
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Figure 7.8: Cartoon depicting possible factors leading to enhancement in hexanol loading.

preference for an interfacial location, however images (A) and (B) of Figure 7.8 depict

a possible factor contributing to the more homogeneous hexanol distribution seen in the

present work. Image (A) represents a surfactant monolayer within a stable bilayer system.

If hexanol were to exhibit a stronger preference to load at the interface, the surfactant

head groups would be pushed apart by solute intercalation. A large enough increase in

the space between surfactants would likely lead to interfacial curvature, as is depicted in

image (B) of Figure 7.8, destabilizing the monolayer. This suggests that the need to offset

bilayer curvature induced by increased head group area may contribute to the extent of

hexanol partitioning at the bilayer interior, as depicted in image (C) of Figure 7.8. The

shift of the hexanol density profile away from the bilayer interior in combination with

the increased nonane density near z = 0 for the system at (anona, ahexOH) = (0.50, 0.25)

compared to (0.00, 0.25), then, could be interpreted as competition for solubilization at the

bilayer interior, however if this were the case, enhancements in loading of both solute types

would be unexpected. Thus, it is more likely that observed changes in system structure and

enhanced hexanol loading is due to contributions from nonane to stabilization of the bilayer

at the interior region, freeing hexanol to load closer to the polar portion of the bilayer, as

depicted in image (D) of Figure 7.8.
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7.5 Conclusions

Monte Carlo simulations in the osmotic Gibbs ensemble were used to investigate simultane-

ous loading of hexanol and nonane in a lamellar C10E3/water system. Significant loading

enhancements relative to systems containing a single solute type are observed for nonane at

(anona, ahexOH) = (0.25, 0.25) and (0.50, 0.25), and only the latter for hexanol. When loaded

in tandem, characteristic perturbations of each solute type are observed (i.e. increases in

tbil by nonane and increases in AC10E3 by hexanol). The loading location of nonane is not

significantly altered by the presence of hexanol, however hexanol exhibits a slightly higher

tendency to load near the polar portion of the bilayer system in the presence of nonane.

Changes in solute order are very small, and manifest as a subtle decreased in preference for

ordered arrangements. The data suggest that enhancements in loading of nonane are due

to increased bilayer volume, induced by the presence hexanol, and that the small enhance-

ments for hexanol are possibly enabled by back-filling of nonane into the bilayer interior

upon increased AC10E3 due to hexanol loading.
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Appendix A

Acronyms

Table A.1: Acronyms used in the present work.

2DHSM Two-dimensional hydrophobic subtraction model

2DLC Two-dimensional liquid chromatography

C10E3 Triethylene glycol mono-n-decyl ether

C16 Hexandecane

CBMC Configurational-bias Monte Carlo

CG Coarse-grained

DOF Degrees of freedom

hexOH Hexanol

HSM Hydrophobic subtraction model

ICBSA Iterative configurational-bial Monte Carlo

IE Information Entropy

LC Liquid chromatography

MC Monte Carlo

MD Molecular dynamics

MM Molecular Mechanics

nona Nonane

ODS Octadecylsilane

Continued on next page
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Table A.1 – continued from previous page

PES Potential energy surface

PHW Pressurized hot water

QM Quantum mechanics

RET Retentive

RPLC Reversed-phase liquid chromatography

UA United-atom

VAP Vapor

WAT Water

WED Weighted Euclidean Distance
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Figure B.1: Overall performance of the WED, IE, and 2DHSM methods for parameter set
k′max = 2.0 and nsample = 100. Rows from top to bottom provide the average number
of resolved peaks, average number of eluted analytes, and average orthogonality score,
respectively, as a function of the average rank (following the 1st place convention) assigned
to a column pair by each metric. The data for each of the 319,225 column pairs are shown
with the color denoting the point density (from dark purple to yellow for low density to
high density).
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Figure B.2: Performance of top-100 columns selected by the WED, IE, and 2DHSM meth-
ods for parameter set k′max = 2.0 and nsample = 100. Rows from top to bottom provide
the average number of resolved peaks, average number of eluted analytes, and average or-
thogonality score, respectively, as a function of the average rank (following the 1st place
convention) assigned to a column pair by each metric. Error bars indicate the 10–90 inter-
vals.
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Table B.1: Rank and performance scores of the top column pairs obtained with the WED, IE, and 2DHSM methods,
for parameter set k′max = 2.0 and nsample = 100. The abbreviations EP, C18, and PBD refer to embedded polar,
octadecyl, and polybutadiene phases, respectively. The super- and subscripts for each property denote the 10-90
interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

1 2116428954
14796 66179421

4792 ZirChrom-PBD EC Nucleosil 100-5 Protect 1 PDB EP 283296
269 958965

950 571580
561

1 3928151432
29950 10241580

539 EC Nucleosil 100-5 Protect 1 ZirChrom-PBD EP PBD 293307
280 955964

946 593603
583

3 2835837510
19917 58318194

3581 ZirChrom-EZ EC Nucleosil 100-5 Protect 1 Other EP 280293
269 958965

950 567575
557

3 4321757451
31735 8151337

354 EC Nucleosil 100-5 Protect 1 ZirChrom-EZ EP Other 292306
280 949958

939 584593
574

5 4673759705
35676 314543

124 EC Nucleosil 100-5 Protect 1 Apex II C18 EP C18 300312
287 942951

932 573583
560

5 3754149780
28071 53238407

2937 Apex II C18 EC Nucleosil 100-5 Protect 1 C18 EP 286299
273 958965

950 564574
552

7 5209563329
39515 322511

130 Zorbax Bonus RP ZirChrom-PBD EP PBD 291305
277 957964

948 559567
548

7 2534733462
18632 60308276

4230 ZirChrom-PBD Zorbax Bonus RP PBD EP 304319
288 955964

946 587596
576

9 2548834158
19041 32075324

987 Resolve C18 EC Nucleosil 100-5 Protect 1 C18 EP 310324
298 948957

938 587595
577

9 3579245716
26128 151249

60 EC Nucleosil 100-5 Protect 1 Resolve C18 EP C18 294308
281 958965

950 575583
566

35291 5.2512
1 549888319

8112 Discovery CN Vydac 218MS EP C18 189198
181 10001000

1000 706714
697

20415 7.8017
1 212564121

3082 ProntoSIL CN Purospher RP-18 EP C18 228238
219 10001000

1000 704712
697

31429 7.8014
3 474337978

7885 ACE 5 CN Vydac 218MS EP C18 195203
184 10001000

1000 704711
695

44777 7.8721
1 13953814075

1298 Cosmicsil Adore 100 CN Vydac 218MS EP C18 162169
154 10001000

1000 705714
696

22443 7.9917
1 568969041

7414 Cosmicsil Adore 100 CN Purospher RP-18 EP C18 207217
197 10001000

1000 704711
696

42193 10.8021
3 11355510004

8936 Fortis Cyano Vydac 218MS EP C18 165175
157 10001000

1000 702710
692

34185 10.9523
3 492637969

7724 Thermo CN Vydac 218MS EP C18 192201
183 10001000

1000 702709
695

37279 11.3324
3 646719422

9138 Genesis CN 300A Vydac 218MS EP C18 184195
175 10001000

1000 702710
693

57931 11.6128
1 4746410442

9430 Discovery HS PEG Microsorb-MV 100 CN EP EP 202213
192 10001000

999 702712
695

29527 16.0933
4 402486158

6931 Discovery CN Cogent UDC Cholesterol EP Other 203212
194 10001000

1000 699707
692
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Table B.2: Continued from Table B.1: Rank and performance scores of the top column pairs obtained with the WED,
IE, and 2DHSM methods, for parameter set k′max = 2.0 and nsample = 100. The abbreviations EP, C18, and F refer to
embedded polar, octadecyl, and fluoro phases, respectively. The super- and subscripts for each property denote the
10-90 interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

129 5897671092
46338 1.242

1 Zorbax Bonus RP Allure PFP Propyl EP F 329341
316 957964

948 552563
543

57 4004350946
30284 3.445

2 Zorbax Bonus RP ProntoSIL SpheriBOND 80 ODS1 EP C18 314326
301 957964

948 570580
560

219 3073638237
22592 8.3217

3 Zorbax Bonus RP Spherisorb ODS-1 EP C18 311325
298 957964

948 580590
571

219 1625920967
11520 9.1319

3 Spherisorb ODS-1 Zorbax Bonus RP C18 EP 330343
317 990994

986 601611
590

205 1683821936
12289 10.5623

2 Allsphere ODS1 Zorbax Bonus RP C18 EP 331345
319 991995

987 600610
590

129 5763869249
46509 10.9532

1 Allure PFP Propyl Zorbax Bonus RP F EP 338351
324 958966

950 554563
544

205 3168340124
24626 11.0423

5 Zorbax Bonus RP Allsphere ODS1 EP C18 311324
299 957964

948 579588
569

17 4575357253
35958 13.3527

4 Zorbax Bonus RP Resolve C18 EP C18 312324
300 957964

948 565573
555

31 4216454679
30364 14.9033

4 Zorbax Bonus RP ZirChrom-PS EP Other 295305
285 957964

948 568578
558

451 3945749243
30039 20.8537

6 BetaMax Acid ProntoSIL SpheriBOND 80 ODS1 EP C18 309321
297 966974

959 571581
560
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Figure B.3: Overall performance of the WED, IE, and 2DHSM methods for parameter set
k′max = 1.375 and nsample = 200. Rows from top to bottom provide the average number
of resolved peaks, average number of eluted analytes, and average orthogonality score,
respectively, as a function of the average rank (following the 1st place convention) assigned
to a column pair by each metric. The data for each of the 319,225 column pairs are shown
with the color denoting the point density (from dark purple to yellow for low density to
high density).
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Figure B.4: Performance of top-100 columns selected by the WED, IE, and 2DHSM meth-
ods for parameter set k′max = 1.375 and nsample = 200. Rows from top to bottom provide
the average number of resolved peaks, average number of eluted analytes, and average or-
thogonality score, respectively, as a function of the average rank (following the 1st place
convention) assigned to a column pair by each metric. Error bars indicate the 10–90 inter-
vals.
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Table B.3: Rank and performance scores of the top column pairs obtained with the WED, IE, and 2DHSM methods,
for parameter set k′max = 1.375 and nsample = 200. The abbreviations EP, C18, and PBD refer to embedded polar,
octadecyl, and polybutadiene phases, respectively. The super- and subscripts for each property denote the 10-90
interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

1 2116428954
14796 66179421

4792 ZirChrom-PBD EC Nucleosil 100-5 Protect 1 PDB EP 283296
269 958965

950 571580
561

1 3928151432
29950 10241580

539 EC Nucleosil 100-5 Protect 1 ZirChrom-PBD EP PBD 293307
280 955964

946 593603
583

3 2835837510
19917 58318194

3581 ZirChrom-EZ EC Nucleosil 100-5 Protect 1 Other EP 280293
269 958965

950 567575
557

3 4321757451
31735 8151337

354 EC Nucleosil 100-5 Protect 1 ZirChrom-EZ EP Other 292306
280 949958

939 584593
574

5 4673759705
35676 314543

124 EC Nucleosil 100-5 Protect 1 Apex II C18 EP C18 300312
287 942951

932 573583
560

5 3754149780
28071 53238407

2937 Apex II C18 EC Nucleosil 100-5 Protect 1 C18 EP 286299
273 958965

950 564574
552

7 5209563329
39515 322511

130 Zorbax Bonus RP ZirChrom-PBD EP PBD 291305
277 957964

948 559567
548

7 2534733462
18632 60308276

4230 ZirChrom-PBD Zorbax Bonus RP PBD EP 304319
288 955964

946 587596
576

9 2548834158
19041 32075324

987 Resolve C18 EC Nucleosil 100-5 Protect 1 C18 EP 310324
298 948957

938 587595
577

9 3579245716
26128 151249

60 EC Nucleosil 100-5 Protect 1 Resolve C18 EP C18 294308
281 958965

950 575583
566

35291 5.2512
1 549888319

8112 Discovery CN Vydac 218MS EP C18 189198
181 10001000

1000 706714
697

20415 7.8017
1 212564121

3082 ProntoSIL CN Purospher RP-18 EP C18 228238
219 10001000

1000 704712
697

31429 7.8014
3 474337978

7885 ACE 5 CN Vydac 218MS EP C18 195203
184 10001000

1000 704711
695

44777 7.8721
1 13953814075

1298 Cosmicsil Adore 100 CN Vydac 218MS EP C18 162169
154 10001000

1000 705714
696

22443 7.9917
1 568969041

7414 Cosmicsil Adore 100 CN Purospher RP-18 EP C18 207217
197 10001000

1000 704711
696

42193 10.8021
3 11355510004

8936 Fortis Cyano Vydac 218MS EP C18 165175
157 10001000

1000 702710
692

34185 10.9523
3 492637969

7724 Thermo CN Vydac 218MS EP C18 192201
183 10001000

1000 702709
695

37279 11.3324
3 646719422

9138 Genesis CN 300A Vydac 218MS EP C18 184195
175 10001000

1000 702710
693

57931 11.6128
1 4746410442

9430 Discovery HS PEG Microsorb-MV 100 CN EP EP 202213
192 10001000

999 702712
695

29527 16.0933
4 402486158

6931 Discovery CN Cogent UDC Cholesterol EP Other 203212
194 10001000

1000 699707
692
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Table B.4: Continued from Table B.3: Rank and performance scores of the top column pairs obtained with the WED,
IE, and 2DHSM methods, for parameter set k′max = 1.375 and nsample = 200. The abbreviations EP, C18, and F refer
to embedded polar, octadecyl, and fluoro phases, respectively. The super- and subscripts for each property denote the
10-90 interval.

RWED 〈RIE〉 〈R2DHSM〉 Column 1 Column 2 Chem 1 Chem 2 〈Nres〉 〈Nelu〉 10〈SIE〉

129 5897671092
46338 1.242

1 Zorbax Bonus RP Allure PFP Propyl EP F 329341
316 957964

948 552563
543

57 4004350946
30284 3.445

2 Zorbax Bonus RP ProntoSIL SpheriBOND 80 ODS1 EP C18 314326
301 957964

948 570580
560

219 3073638237
22592 8.3217

3 Zorbax Bonus RP Spherisorb ODS-1 EP C18 311325
298 957964

948 580590
571

219 1625920967
11520 9.1319

3 Spherisorb ODS-1 Zorbax Bonus RP C18 EP 330343
317 990994

986 601611
590

205 1683821936
12289 10.5623

2 Allsphere ODS1 Zorbax Bonus RP C18 EP 331345
319 991995

987 600610
590

129 5763869249
46509 10.9532

1 Allure PFP Propyl Zorbax Bonus RP F EP 338351
324 958966

950 554563
544

205 3168340124
24626 11.0423

5 Zorbax Bonus RP Allsphere ODS1 EP C18 311324
299 957964

948 579588
569

17 4575357253
35958 13.3527

4 Zorbax Bonus RP Resolve C18 EP C18 312324
300 957964

948 565573
555

31 4216454679
30364 14.9033

4 Zorbax Bonus RP ZirChrom-PS EP Other 295305
285 957964

948 568578
558

451 3945749243
30039 20.8537

6 BetaMax Acid ProntoSIL SpheriBOND 80 ODS1 EP C18 309321
297 966974

959 571581
560
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