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Abstract

Managing hydrates is one of the most important hurdles in flow-assurance
applications. Among various technological alternatives, the use of low-dosage
hydrate inhibitors is attracting attention for both economic and environmental
reasons. However, it is not well understood how these chemicals function. Molecular
simulations were conducted to identify some of the molecular mechanisms that can
help prevent growth and agglomeration of hydrates using anti-agglomerants. It has
been suggested that the structure of the anti-agglomerants film at the hydrate-oil
interface is important in determining performance. Therefore, the structure of antiagglomerants adsorbed at the interface between methane hydrates and a liquid
hydrocarbon was firstly investigated. The anti-agglomerants considered were
surface-active compounds with three hydrophobic tails and a complex hydrophilic
head that contained both amide and tertiary ammonium cation groups. The tail
length, the surface density of the compounds as well as the composition of the liquid
hydrocarbon were changed systematically. Some of the surfactants helped maintain a
disordered structure at the interface, while others packed tightly, yielding a film that
resembled a frozen interface. Comparing qualitatively to experimental data indicates
that anti-agglomerants for which a frozen interface was observed exhibited better
performance in rocking cell experiments. The results showed that anti-agglomerants
films can yield an effective resistance to the agglomeration as well as the growth of
gas hydrates, provided their density is sufficiently high. Using non-equilibrium
simulations, the anti-agglomerants with short n-butyl tails were found to be able to
stabilize hydrate cages and promote growth. However, the penetration of the alkyl
tails into the growing hydrate structure helps anti-agglomerants firmly adsorb at the
hydrate surface, which is expected to retard hydrate particles agglomeration. These
3

results are crucial for quantifying the hydrate growth mechanism in the presence of
anti-agglomerants, which could be exploited for designing new substances with
better hydrate-promoting or hydrate-inhibiting characters for different applications.
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Impact Statement

The results presented in this thesis can have both positive economic and
environmental impact. Anti-agglomerants (AAs) are often added to oil and gas
pipelines to prevent blockages caused by gas hydrate formation. AAs work at
relatively low concentrations, but their effectiveness strongly depends on water
content, salinity, and even on the type of oil present in the pipeline. Hence, the AA
formulation design is ‘black magic’. Our studies focus on the effect of AAs’
molecular features as well as various factors on the performance of antiagglomerants. Understanding how AAs perform in preventing gas hydrate
agglomeration at the molecular-level enables the systematic implementation of more
reliable hydrate treatment strategies. The results could help in reducing the need for
expensive and time consuming trial-and-error procedures. The method developed
could be exploited to manage gas hydrates in North Sea as well as in other overseas
operations. Moreover, our fundamental insights into the effect of AAs on the hydrate
growth could bring benefits to cutting-edge hydrate-based technologies in which
promoting gas hydrate formation is desired. The simulation and data analysis
techniques applied in our studies could be extended to study new generations of
inhibitors inspired by nature such as anti-freezing enzymes which are very effective
and more environmental friendly compared to traditional ones.

5

Contents

Abstract ........................................................................................................................ 3
Impact Statement .......................................................................................................... 5
Contents ....................................................................................................................... 6
List of Abbreviations.................................................................................................. 10
Acknowledgements .................................................................................................... 11
Publications during PhD Study .................................................................................. 12
Chapter 1.

Introduction .......................................................................................... 13

Chapter 2.

Methodology ........................................................................................ 22

2.1

Molecular Dynamics Simulations ............................................................... 22

2.1.1

Introduction .......................................................................................... 22

2.1.2

Atomic interactions .............................................................................. 23

2.1.3

Algorithms ........................................................................................... 28

2.1.4

Thermostat............................................................................................ 29

2.1.5

Barostat ................................................................................................ 30

2.1.6

Periodic boundary conditions............................................................... 32

2.2

Enhanced Sampling Techniques ................................................................. 33

2.2.1

Umbrella Sampling Simulations .......................................................... 33

2.2.2

Well-tempered Metadynamics Simulations ......................................... 36

2.3

Simulation Details ....................................................................................... 37

6

Chapter 3.

Evidence of Structure-Performance Relation for Surfactants Used as

Anti-Agglomerants for Hydrates Management .......................................................... 38
3.1

Abstract ....................................................................................................... 38

3.2

Introduction ................................................................................................. 39

3.3

Simulation Methodology ............................................................................. 41

3.4

Experimental Details ................................................................................... 46

3.5

Results ......................................................................................................... 50

3.5.1

Visual observation of simulation snapshots ......................................... 50

3.5.2

Density profiles .................................................................................... 51

3.5.3

AA orientation and molecular extension.............................................. 53

3.5.4

Rocking cell experimental performance .............................................. 57

3.6

Discussion ................................................................................................... 59

3.6.1

Effect of the AA molecular features: the short tail .............................. 62

3.6.2

Effect of the liquid hydrocarbon type .................................................. 65

3.7

Conclusions ................................................................................................. 68

Chapter 4.

Emergent Properties of Anti-Agglomerant Films Control Methane

Transport: Implications for Hydrate Management ..................................................... 70
4.1

Abstract ....................................................................................................... 70

4.2

Introduction ................................................................................................. 71

4.3

Computational Methods .............................................................................. 73

4.3.1

Unbiased MD simulations .................................................................... 73

7

4.3.2
4.4

Biased MD simulations ........................................................................ 75

Results ......................................................................................................... 79

4.4.1

Interfacial structure .............................................................................. 79

4.4.2

Identification of representative pathways ............................................ 81

4.4.3

Minimal free-energy pathway .............................................................. 83

4.5

Conclusions ................................................................................................. 90

Chapter 5.

Anti-Agglomerants Affect Gas Hydrate Growth ................................. 92

5.1

Abstract ....................................................................................................... 92

5.2

Introduction ................................................................................................. 92

5.3

Simulation Methodology ............................................................................. 95

5.4

Results and Discussions .............................................................................. 97

5.5

Conclusions ............................................................................................... 112

Chapter 6.

Synergistic

and

Antagonistic

Effects

of

Aromatics

on

the

Agglomeration of Gas Hydrates .............................................................................. 113
6.1

Abstract ..................................................................................................... 113

6.2

Introduction ............................................................................................... 114

6.3

Simulation Methodology ........................................................................... 116

6.4

Results and Discussion .............................................................................. 119

6.4.1

Density profiles .................................................................................. 119

6.4.2

Adsorption of aromatics at oil-hydrate interfaces .............................. 123

6.4.3

Orientation of aromatics at the oil/hydrate interface.......................... 126

8

6.4.4

Ordering of AAs at hydrate/oil interface ........................................... 127

6.4.5

Effective hydrate-hydrate interactions ............................................... 129

6.5

Conclusions ............................................................................................... 132

Chapter 7.

Summary and Outlook ....................................................................... 134

7.1

Summary ................................................................................................... 134

7.2

Outlook ...................................................................................................... 137

Appendix A.

Molecular Mechanisms Responsible for Hydrate Anti-agglomerant

Performance

140

A1

Abstract ..................................................................................................... 140

A2

Introduction ............................................................................................... 141

A3

Simulation Methodology ........................................................................... 142

A4

Results and Discussion .............................................................................. 152

A4.1

Hydrate particle – Droplet coalescence.............................................. 152

A4.2

Water molecular transport across the hydrocarbon phase.................. 167

A5

Conclusions ............................................................................................... 176

Appendix B.

Convergence of the UB Simulations ................................................. 178

Appendix C.

Freezing Temperature of n-Dodecane/Methane mixture.................... 179

Bibliography............................................................................................................. 180

9

List of Abbreviations

AAs

Anti-agglomerants

FE

Free Energy

KHIs

Kinetic Hydrate Inhibitors

MD

Molecular Dynamics

MetaD

Metadynamics

PMF

Potential of Mean Force

QLL

Quasi-liquid Layer

RDF

Radial Distribution Function

sI

Structure I

sII

Structure II

sII

Structure H

TIs

Thermodynamic Hydrate Inhibitors

UB

Umbrella Sampling

WT-metaD

Well-tempered Metadynamics

10

Acknowledgements

To my supervisor, Professor Alberto Striolo: I would like to express my deepest
gratitude to you for your guidance, encouragement and support that have helped me
in completing my PhD and building my career. It is my honour to be your student.
Working with you was a great experience; I have learnt a lot of things from you.
Thank you so much!
I also thank to Dr. Michail Stamatakis, my secondary supervisor, for providing me
advices during my PhD. I am also grateful to my coworkers at UCL: Anh Phan and
Francois Sicard for their support and contribution to my research. Especially to Anh,
you were the one who guided me when I first came to UCL, I will never forget.
Thanks a lot!
I would like to send a great gratitude to Halliburton for providing funding for my
PhD project. I am grateful to the research team at Halliburton for conducting
experiments. It was fantastic to have the chance to discuss and work with them
during my research.
To mom and dad: this thesis is dedicated to you who had brought me to this
wonderful world. You are the best teachers in my life and love me unconditionally.
This thesis is also dedicated to my wife for her trust, patience, and understanding.
And to my unborn baby, you are the greatest gift given to me. Thinking of you gives
me energy to overcome all difficulties. I cannot wait to welcome you to this world.
To my colleagues and friends, thank you all for sharing memorable moments during
my PhD study.

11

Publications during PhD Study

1. Bui, T.; Monteiro, D.; Lan, Q.; Ceglio, M.; Burress, C.; Striolo, A. Synergistic and
Antagonistic Effects of Aromatics on the Agglomeration of Gas Hydrates. In
Preparation.
2. Sicard, F.; Bui, T.; Monteiro, D.; Lan, Q.; Ceglio, M.; Burress, C.; Striolo, A.
Emergent Properties of Antiagglomerant Films Control Methane Transport:
Implications for Hydrate Management. Langmuir 2018. 34, 9701-9710.
3. Bui, T.; Sicard, F.; Monteiro, D.; Lan, Q.; Ceglio, M.; Burress, C.; Striolo, A.
Antiagglomerants Affect Gas Hydrate Growth. J. Phys. Chem. Lett. 2018, 9, 3491–
3496.
4. Bui, T.; Phan, A.; Monteiro, D.; Lan, Q.; Ceglio, M.; Acosta, E.; Krishnamurthy,
P.; Striolo, A. Evidence of Structure-Performance Relation for Surfactants Used as
Antiagglomerants for Hydrate Management. Langmuir 2017, 33, 2263–2274.
5. Bui, T.; Phan, A.; Cole, D. R.; Striolo, A. Transport Mechanism of Guest Methane
in Water-Filled Nanopores. J. Phys. Chem. C 2017, 121, 15675–15686.
6. Phan, A.; Bui, T.; Acosta, E.; Krishnamurthy, P.; Striolo, A. Molecular
Mechanisms Responsible for Hydrate Anti-Agglomerant Performance. Phys. Chem.
Chem. Phys. 2016, 18, 24859–24871.

12

Chapter 1. Introduction

Gas hydrates, or clathrate hydrates, were first identified by Sir Humphrey Davy in
1811 [1]. In gas hydrates, guest gas molecules (e.g. methane, ethane, propane, CO2)
stabilize crystalline cages formed by hydrogen-bonded water molecules at high
pressure and low temperature. Depending on the arrangement of the water molecules
in the crystal structure, gas hydrates are classified into different types. There are
three most common structures of gas hydrates including sI, sII and sH which are
shown in Figure 1.1 [2–4]. Because gas hydrates preferably form at low temperature
and high pressure condition, in nature an enormous amount of methane hydrates can
be found under permafrost regions of arctic areas and within deep-water sediments
along the continental margins [5,6]. It has been estimated that the energy dormant in
natural gas hydrates worldwide is at least twice that of all conventional fossil fuels
combined [5,7–9]. Thus gas hydrates could provide energy for the world’s growing
population despite the fact that a large amount of natural gas released by the
dissociation of methane hydrate under ocean sediments may lead to immense global
warming and climate change [8–10]. However, it has been pointed out that current
technical and economical limitations inhibit harvesting gas hydrates safely in
industrial-scale from hydrate deposits [11]. The ‘mature’ technologies include
depressurization, thermal stimulation, and inhibitor injection, while cutting-edge
technologies include gas exchange and microwave [12–16]. Considering other
industrial sectors, controlling gas hydrates formation promises to advance high-tech
applications including natural gas and hydrogen storage [17–19], flue gas separation
and carbon dioxide capture [20–23], desalination of seawater [24–26], among others
[27–29]. In these applications, it is desired to enhance the formation of gas hydrates
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which can be achieved by additives as hydrate promoters such as tetra-n-butyl
ammonium bromide, dimethyl sulfoxide and tetrahydrofuran [30–36].

Figure 1.1. Structures of water cavities comprising sI, sII and sH hydrates [7]. Water molecules locate
on the corners of the cages and link to others by the hydrogen bonds presented by the edges of the
cages. The notation Xn represents a cage formed from n faces of X-membered ring.

Despite the fact that gas hydrates have a great potential as an energy resource, as
well as being applied in a variety of applications, in the gas and oil industry gas
hydrates are considered a nuisance for flow assurance applications both onshore and
offshore because they can block the flow of fluids inside the pipelines, causing (1)
factures of the pipeline with consequent hydrocarbon spill, (2) serious safety
concerns for operators, and (3) production interruption with huge economic loss [37–
39]. The conceptual model of gas hydrate plug in a pipeline shown in Figure 1.2
suggests three major stages associated with hydrate plug formation: nucleation
[9,40], growth [9,41], and agglomeration [42,43]. To minimize these risks, different
methods have been developed including water removal, pipeline heating and
isolating [44,45], cold flow [46–48], and adding chemicals as gas hydrate inhibitors
[9,49–51].
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Figure 1.2. Conceptual model of hydrate plug formation in a pipeline [39] at low water content. In
this concept water in oil emulsion is formed at the beginning. At the condition favourable for the
formation of gas hydrates, gas hydrates begin to form on the surface of the water droplets and grow
towards the centre of the droplets. These small hydrate particles then stick to the pipeline’s wall and
agglomerate into bigger particles. Eventually a big plug forms inside and blocks the gas and oil flow.

Adding chemicals as hydrate inhibitors into the pipelines is considered one of the
most effective methods. To manage hydrates in pipelines, intensive efforts have been
made to investigate different types of inhibitors for preventing the formation and
growth of gas hydrates. Gas hydrate inhibitors can be classified into two categories:
thermodynamic hydrate inhibitors (TIs) and low-dosage hydrate inhibitors (LDHIs).
Methanol and mono ethylene glycol are among the most effective thermodynamic
inhibitors (TIs) to prevent hydrate formation. The performance of TIs is based on
their ability to shift the hydrate formation condition to lower temperature and higher
pressure [49,52]. TIs are believed to disturb the hydrogen bonding network of water
making it harder for hydrates to form at a certain temperature and pressure condition
[53]. However, to be effective an excess amount of TIs, up to 20-50% by weight of
total water in the pipeline is required [54], which impacts both environmental and
economic aspects of a project. Alternatives are clearly needed to reduce costs and
carbon emissions. Compared to TIs, LDHIs can be effective at concentrations as low
at 0.5 wt% [54,55]. LDHIs can be split into kinetic inhibitors (KHIs) and antiagglomerants (AAs). Kinetic inhibitors delay the hydrate formation, preventing
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hydrates from forming within the retention time of free water in the pipelines. The
most popular compound used as an effective kinetic inhibitor is poly(N-vinyl
pyrrolidone), PVP, which was patented by Sloan in 1995 [56]. The molecular
structure of PVP is shown in Figure 1.3. Other polymers are also used as kinetic
inhibitors, including polyvinyl-caprolactam (PVCap), polydiethylacrylamide, and Nmethyl-N-vinylacetamide:VCap copolymer [57]. It has been proposed that the KHIs
perturb the structure of water, thus frustrating hydrate nucleation and delaying the
growth of gas hydrate crystals [57–60]. The presence of the lactam rings seems to be
essential for KHIs to function, pendant alkyl groups interact with available cavities
on the hydrates surface, while carbonyl groups form hydrogen bonds with water
[57,61]. The effectiveness of kinetic inhibitors is quantified in terms of the
subcooling value which is the difference between system temperature and
equilibrium temperature of hydrate formation. Those inhibitors that allow no hydrate
to form at higher subcooling are more effective.

Figure 1.3. Molecular structure of PVP.

When gas and oil are transported under high subcooling conditions and long
retention time, KHIs become less effective because they cannot prevent hydrate
formation. In these situations, AAs are considered excellent alternatives because they
allow the formation of hydrates but prevent hydrate particles from agglomerating
into large plugs, allowing gas hydrate particles to be nicely dispersed and transported
in the pipelines [62]. Different mechanisms have been proposed for the performance
of AAs depending on their modes of action. The French Petroleum Institute (IFP)
16

first considered AAs as stabilizers for water-in-oil (W/O) emulsion. It is suggested
that by creating W/O emulsions gas hydrates will form within separate water
droplets, which prevents hydrates from agglomerating [54,63]. However, this
mechanism does not work for all emulsifiers. For instance, Huo et al. [64] indicated
that most of the commercial non-ionic surfactants gave poor performance as AAs
(except Span chemicals) even though they can create stable water in oil emulsions. It
is likely that these surfactants were unable to adsorb on the hydrate surface to
disperse hydrate particles. The second mechanism was proposed for AAs composed
of hydrophilic headgroups and hydrophobic tails with ability to attach to the hydrate
surface. The first class of AAs based on this mechanism was quaternary ammonium
salts, patented by Shell [65], while the best performing was patented by Champion
[66]. In Figure 1.4 the AAs patented by Shell and Champion are reproduced.

Figure 1.4. Molecular structure of AAs marketed by Shell (top) and Champion (bottom).

The performance of these AAs depends on the chemistries involved. For instance,
the adsorption of AAs on water-oil and hydrate-oil interfaces based on their
amphiphilic property modifies hydrogen bonding network and makes it difficult for
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hydrates to form and grow. The hydrophobic tails hinder further access of water
molecules and hydrate particles to the hydrate crystal, thereby preventing hydrate
growth and agglomeration. As a result, the size of the hydrate particles can be
controlled by the AAs. Despite having good performance for hydrate antiagglomeration, the major limitation of this class of AAs is their low biodegradability
and high toxicity. To overcome these shortcomings, new AAs better biodegradable
and less toxic were also developed by combining amide and carboxyl group in the
molecular structure [55]. It is worth mentioning that most of the AAs require a liquid
hydrocarbon phase to function properly, even though it has been proved that some of
them are able to perform when the oil phase is absent.
It has been shown that the performance of AAs depends strongly on oil type, salinity,
etc. However the mechanism for the action of AAs is not fully understood therefore
trial-and-error tests are used extensively to optimise AAs [55,61,67]. Inspired by the
fact that molecular simulations are highly efficient tools to provide fundamental
insights into gas hydrate systems including phase behavior [61,68,69], hydrate
nucleation and growth [61,70–76] as well as the inhibition mechanisms of hydrate
inhibitors focusing mostly on KHIs [77–81] at timescale and lengthscale that are
hardly accessed by typical laboratory experiments, in this thesis molecular dynamics
(MD) simulations were implemented to study gas hydrate systems in the presence of
surfactants used as AAs. In particular, equilibrium and non-equilibrium atomistic
MD simulations were employed to investigate how molecules, including
hydrocarbon, water, surfactants as AAs, behave at hydrate-oil or water-oil interfaces
and how they affect the growth and agglomeration of gas hydrates under different
conditions. The gas hydrate model chosen in this study is sII, which is the most
popular gas hydrate structure encountered in gas and oil transportation pipelines. The
18

guest molecule for gas hydrate is methane. The oil phase can be composed of
different components including methane, long chain alkanes, and aromatic
compounds. The AAs considered are surface-active compounds with three alkyl tails
and a complex head that contained both amide and tertiary ammonium cation groups.
The ultimate research goal is to search for molecular-level understandings regarding
the mechanisms and structure-performance relation of AAs used in gas hydrate
systems.
The thesis includes seven chapters and is organized as follow. In Chapter 2,
fundamentals of MD simulations are briefly introduced. In Chapter 3, the results
obtained for the study of the properties of the interfacial layer between oil and
methane hydrates in the presence of surfactants used as AAs are presented. The
results indicate that the structure of the interfacial thin films of AAs depends strongly
on the molecular feature and surface density of AAs, as well as the composition of
the oil phase. Some AAs are found to pack densely at the interface, yielding a film
that resembles a frozen interface, and exclude methane from the interfacial region,
while others maintain a disordered structure at the interface. Compared with
experimental data using rocking cell apparatus, the AAs, for which a frozen interface
was observed, are those that show better performance. Therefore, it is possible that
the structured interfacial layer is in part responsible for determining the performance
of AAs in flow-assurance applications.
In Chapter 4, the results obtained for the study of the relation between collective
properties and performance of AAs by using MD simulations and enhanced sampling
techniques are presented. Metadynamics and Umbrella sampling frameworks were
combined to study accurately the free-energy landscape and the equilibrium rates
associated with the transport of one methane molecule across the ordered AA film.
19

The results show that local configurational changes of the hydrocarbon packed
within the AA film are associated with high free energy barriers for methane
transport. The time scales estimated for the transport of methane across the AA film
can be, in some cases, comparable to those reported in the literature for the growth of
the hydrates, suggesting that one possible mechanism by which AAs delay the
formation of hydrate plugs could be providing a barrier to methane transport.
Considering the interplay between structural design and collective properties of AAs
might be of relevance to improve their performance in flow assurance.
In Chapter 5, the results on the effects of AAs on the hydrate growth process are
summarized. It is known that some AAs are able to promote hydrate growth, while
some retards but the mechanism is not well understood. Using non-equilibrium MD
simulations, the results show that AAs with short n-butyl tails can stabilize cages in
the hydrate structure and promote growth. However, penetration of the alkyl tails
into the growing hydrate structure helps AAs to firmly adsorb at the hydrate surface,
which should retard hydrate particles agglomeration. The reported results are
important for quantifying hydrate stabilization and growth mechanisms in the
presence of AAs, which could be used for designing new additives with better
hydrate-promoting or hydrate-inhibiting characteristics for different applications.
In Chapter 6, details are provided for the effects of aromatic compounds in gas
hydrate systems and how they could affect the hydrate agglomeration. Briefly,
aromatics are among the main components in oil however there is limited
understanding of how they behave in gas hydrate systems as well as their impacts on
gas hydrate agglomeration process. The results obtained from MD simulations
indicate that aromatic molecules preferably adsorb on the hydrate-oil interface.
Monocyclic aromatics such as benzene, toluene, and xylene do not show much effect
20

on gas hydrate agglomeration process. However, polycyclic aromatic molecules such
as pyrene with 4 benzene rings in the molecular structure strongly adsorb and pack in
an ordered form on hydrate surfaces. Consequently, they induce high free barrier
preventing the agglomeration of two hydrate layers even when AAs are not present.
When AAs are added to the system, the results also indicate that highly polycyclic
aromatics seem to improve the performance of AAs, especially when the
concentration of AAs is low. The results presented in this chapter contribute to
complete understanding of the behavior of various components of oil in gas hydrate
systems. The results could also provide evidence to explain why some heavy crude
oils with high fraction of asphaltene can provide good hydrate anti-agglomeration
effect.
Finally, in Chapter 7, a comprehensive conclusion of the work presented in this
thesis is provided as well as an outlook for possible future studies. Note that in the
Appendix, the coalescence of a water droplet and a hydrate particle in a hydrocarbon
mixture was studied by applying steered and equilibrium MD simulations. This was
the first work in the AA project providing supplemental information for the other
work presented in this thesis.
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Chapter 2. Methodology

2.1

Molecular Dynamics Simulations

2.1.1

Introduction

Molecular dynamics simulation is a powerful technique for calculating the
equilibrium and transport properties of a classical many-body system by solving step
by step the classical equations of motion for each atom in the system of N interacting
atoms.

𝑚𝑖

d2 𝒓𝑖
= 𝑭𝑖
d𝑡 2

(2.1)

In Eq. (2.1) 𝑚𝑖 , 𝒓𝑖 , and 𝑭𝑖 are mass, position, and force, respectively, acting on
atom 𝑖 at time 𝑡. The force acting on atom 𝑖 is calculated as the derivatives of the
potential energy function U with respect to the position 𝑟𝑖 :
𝑭𝑖 = −∇𝑈

(2.2)

Given the atomic mass, a small time step and force fields applied for modelling the
interactions of atoms, the equations of motion are solved simultaneously. At regular
intervals, the coordinates of atoms in the simulated system are written to an output
file representing the trajectory of all atoms in the simulated system. After a sufficient
time, the system will reach an equilibrium state; a subsequent analysis of the
equilibrium trajectory can produce various macroscopic properties.
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2.1.2

Atomic interactions

In the simulated system, each atom can interact with other atoms of the same or
different molecules. The atomic interactions can be described by empirical potentials
with specific functional forms and parameters, which are so-called force fields. For a
system composed of N interacting atoms, a force field employed in MD simulations
can be expressed in the following form.
2

1

2

1

𝑏
𝑎
0
𝑈(𝑟1 , 𝑟2 , … , 𝑟𝑁 ) = 2 ∑𝑏𝑜𝑛𝑑𝑠 𝑘𝑖𝑗
(𝑟𝑖𝑗 − 𝑟𝑖𝑗0 ) + 2 ∑𝑎𝑛𝑔𝑙𝑒𝑠 𝑘𝑖𝑗𝑘
(𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘
) +
1
2

𝑡
0
∑𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠 𝑘𝑖𝑗𝑘𝑙
[1 + 𝑐𝑜𝑠(𝑛𝜃𝑖𝑗𝑘𝑙 − 𝜃𝑖𝑗𝑘𝑙
)] +
𝛿

12

∑𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠 4𝜀𝑖𝑗 [( 𝑖𝑗 )
𝑟
𝑖𝑗

𝛿

6

(2.3)
𝑞𝑞

− (𝑟𝑖𝑗 ) ] + ∑𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠 𝑓 𝜖 𝑖𝑟 𝑗
𝑖𝑗

𝑟 𝑖𝑗

In Eq. (2.3) the interactions between atoms can be described by bonded and nonbonded potentials. The first three terms represent the bonded potentials defining the
covalent structure of molecules in the simulated system. The first two terms depict
the deformation energies for bond stretching and bond angle in harmonic form with
𝑏
𝑎
the force constants 𝑘𝑖𝑗
, 𝑘𝑖𝑗𝑘
of bond length 𝑟𝑖𝑗 and bond angle 𝜃𝑖𝑗𝑘 from their
0
equilibrium values 𝑟𝑖𝑗0 and 𝜃𝑖𝑗𝑘
. It is worth noting that with the harmonic forms of

these potentials, bond breaking will not be modelled during MD simulations. The
third term stands for the torsional potential based on the angle 𝜃𝑖𝑗𝑘𝑙 between two
planes created from four atoms i, j, k, l connected in one way or the other. In this
𝑡
0
term, 𝑘𝑖𝑗𝑘𝑙
is the force constant, 𝜃𝑖𝑗𝑘𝑙
is the equilibrium angle correspondent to the

minimum value of the potential, 𝑛 the number of minima of the potential when the
bond performs a full rotation of 360 degrees. The torsional potential can be classified
into proper dihedral angle and improper dihedral angle potentials. The proper
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dihedral angle potential is usually applied to model the rotation barriers around a
bond. While the improper dihedral angle potential is used to maintain planar groups
(e.g. benzene rings, carbon in carbonyl group) planar, or to prevent molecules from
flipping over their stereoisomer. Figure 2.1 shows the principle of torsional angles.

Figure 2.1. Principle of proper dihedral (top) and improper dihedral angles (bottom). The dihedral
angle is defined as the angle between (i, j, k) and (j, k, l) planes.

The last two terms in Eq. (2.3) describe the non-bonded interactions of atoms in the
simulated system, composing of the Lennard-Jones (LJ, the fourth term) and the
Coulomb electrostatic (the last term) potentials. The LJ potential consists of the pair
interaction between atom i and j separated by a distance 𝑟𝑖𝑗 with diameter 𝛿𝑖𝑗 and the
depth of the potential energy well of 𝜀𝑖𝑗 . For interaction between different types of
atoms, the average values of 𝜀𝑖𝑗 and 𝛿𝑖𝑗 are obtained by using the Lorentz-Berthelot
1

combination rules [37, 38] with 𝛿𝑖𝑗 = 2 (𝜎𝑖𝑖 + 𝜎𝑗𝑗 ) and 𝜀𝑖𝑗 = √𝜀𝑖𝑖 𝜀𝑗𝑗 . The Coulomb
electrostatic potential is calculated for two partial atomic charges 𝑞𝑖 and 𝑞𝑗 separated
1

by the distance 𝑟𝑖𝑗 , in which 𝑓 = 4𝜋𝜖 is the electric conversion factor with the
0

permittivity of free space 𝜖0 , 𝜖𝑟 is the relative dielectric constant.
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In MD simulations, the calculation of the non-bonded interactions for all atoms in the
simulated system is the most expensive task. For a pairwise model the number of
non-bonded interactions including van der Waals and electrostatic interactions is
proportional to the square of the number of atoms in the simulated system. To avoid
such a highly computational effort, it is desired to not calculate all pair interactions.
Inspired by the fact that the van der Waals interactions represented by a LJ potential
decay rapidly as the distance between two atoms increases a cutoff distance is
introduced in such a way that the interactions of any two atoms separated by a
distance greater than the cutoff distance can be ignored. However, this approach is
not adequate for calculating electrostatic interactions because they decay not fast
enough. In this case one can use a popular approximation method to split the
electrostatic interactions into short-range and long-range components. The shortrange component is directly calculated following the original Coulomb potential
equation. While the long-range one can be estimated using different approaches such
as the Ewald, the Particle Mesh Ewald (PME) [82], and the Particle-Particle ParticleMesh (PPPM) [83].
In our studies, because the simulations were conducted at low temperature and water
molecules were present in gas hydrate form, the TIP4P/Ice water model [84] was
implemented. This model is widely and successfully implemented to study hydrate
nucleation and growth [44,68,69,72,85], and to investigate the performance of
potential hydrate inhibitors [86]. For example, by using the TIP4P/Ice model, Conde
and Vega [69] found that the equilibrium temperature for the formation of gas
hydrates at high pressure was close to the experimental value. Michalis et al. [85]
obtained similar results for predicting the three-phase coexistence temperature T3 at
different pressures. The simulation results show the same trend as the experimental
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data and the predicted T3 is well consistent with experimental value (3.15 K lower
than the experimental). Due to computational benefit the coarse-grained model,
mW, was also used to simulate the nucleation [87–89] as well as the melting
temperature [90] of gas hydrates. TIP4P/Ice is a four-site rigid model developed for
simulating ice phases. In this model, the center of the LJ interaction is placed in the
oxygen atom. The partial charges are assigned to two hydrogen atoms and a dummy
atom (without mass) located along the bisector of the HOH angle. Methane was
represented within the united-atom version of the TraPPE-UA force field [91]. The
parameters for methane in this thesis is very similar to OPLS-UA model [92] (both
have the same value of  and ϵ ~ 1.23 kJ/mol). In literature, both TraPPE-UA and
OPLS-UA models have been used extensively and successfully to simulate methane
gas hydrate systems from gas hydrate structure and properties [61,93] to
nucleation/dissociation/growth [61,90,94,95] and hydrate inhibitors [96]. For other
n-alkanes, the TraPPE-UA force field was also applied because it reproduces well the
properties of alkanes in the bulk liquid phase [91] and at the interface with water
including interfacial tension and interfacial structure [97,98] while allows running
the simulation at significantly lower computational cost. The AA molecular structure
is shown in Figure 2.2. In this figure the two R1 groups represent ‘long’ tails, and R2
represents a ‘short’ tail. All AA molecules in our studies have the same headgroup,
which includes both amide and tertiary ammonium cation groups, and have alkyl
tails of varying length. An AA is represented by SXLY or SX where X and Y indicate
the number of carbon atoms in the short (S) and long (L) tails, respectively. The long
tails considered are either n-octyl or n-dodecyl while the short tails considered are
methyl, n-butyl, n-hexyl, or n-octyl. AAs were modelled by using the General Amber
Force Field (GAFF) [99], which is often implemented for modelling organic and
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pharmaceutical molecules containing H, C, N, O, S, P and halogens. In gas hydrate
systems, GAFF is widely used to study guest-host interactions [100–103], the
adsorption of AAs [104], as well as the effect of surfactants and additives on hydrate
formation [105,106]. Atomic charges were calculated with the AM1-BCC method
employed in Antechamber from the Amber 14 suite [107]. The chloride ions (Cl-)
were modeled as charged Lennard-Jones spheres with the potential parameters taken
from Dang, without polarizability [108].

Figure 2.2. Molecular structure of AAs with two long tails R 1 (n-octyl and n-dodecyl) and one short
tail R2 (methyl, n-butyl; n-hexyl, and n-octyl).
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2.1.3

Algorithms

Solving the equations of motion require the knowledge of the positions of all
particles as well as the forces acting on them at the present to predict their positions
at the next time step. The force acting on atom i is calculated as the negative of the
derivative of the potential function U.
𝜕𝑈 𝜕𝑈 𝜕𝑈
𝑭𝑖 = −∇𝑈 = − (
,
,
)
𝜕𝑥𝑖 𝜕𝑦𝑖 𝜕𝑧𝑖

(2.4)

After calculating all the forces acting upon each individual atom in the system, the
Newton’s equations of motion can be integrated. Different methods have been
developed to integrate the equations of motion step-by-step including velocity Verlet
and leap-frog form [39]. The leap-frog algorithm applied for all simulations in this
thesis is introduced as follow.
The velocity is updated using the following equation:
1
1
∆𝑡
𝒗 (𝑡 + ∆𝑡) = 𝒗 (𝑡 − ∆𝑡) + 𝑭(𝑡)
2
2
𝑚

(2.5)

Then the new position will be obtained:
1
𝒓(𝑡 + ∆𝑡) = 𝒓(𝑡) + 𝒗(𝑡 + ∆𝑡)∆𝑡
2

(2.6)

1

In Eq. (2.5) given the velocity at time 𝑡 − 2 𝛿𝑡 and the force determined at time 𝑡, the
1

velocity at time 𝑡 + 2 𝛿𝑡 will be updated. Then from Eq. (2.6) the position at time
𝑡 + 𝛿𝑡 is calculated based on position at time 𝑡 and the updated velocity at time 𝑡 +
1
2

𝛿𝑡. The loops will continue until reach specific number of time steps defined

manually. The leap-frog algorithm gives velocity and positions at different time. The
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velocities at time 𝑡 can be approximately calculated by averaging the velocities at
1

1

time 𝑡 − 2 𝛿𝑡 and time 𝑡 + 2 𝛿𝑡.
2.1.4

Thermostat

In MD, by solving the classical equations of motion for all atoms in the simulated
system a constant-energy ensemble is sampled by default. However, it is very often
to compare simulation results with experimental data which are usually obtained at
constant temperature, sampling a constant-temperature ensemble is more desirable.
Moreover, controlling of temperature can be beneficial for studying temperaturedependent processes, enhancing conformational sampling, as well as avoiding energy
drift as a result of the accumulation of numerical errors. Different approaches can be
used to conduct simulations at constant temperature including the stochastic coupling
method (Andersen) [40], the weak-coupling method (Berendsen) [41], the extended
system method (Nosé-Hoover) [42, 43]. In the Andersen thermostat, the temperature
is maintained by coupling randomly-selected particles to the heat bath via stochastic
forces. Upon a collision event new velocities chosen from a Maxwell-Boltzmann
distribution at the desired temperature are assigned to the selected particles. Because
stochastic collisions disturb the dynamics of particles in an unrealistic way, this
thermostat is not suitable for studying dynamic properties. For that reason,
Berendsen and Nosé-Hover thermostat methods are more commonly used in MD
simulations. In the Berendsen thermostat, the temperature is maintained by scaling
the velocities of particles at each time step such that the system is efficiently relaxing
towards the target temperature with the rate of

d𝑇
d𝑡

1

= 𝜏 (𝑇𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ) where 𝜏

is a time constant. However this thermostat is less reliable for simulation at
equilibrium because it suppresses the fluctuation of the kinetic energy, yielding non29

canonical ensemble. Contrarily, the Nosé-Hoover thermostat maintains canonical
ensemble but it takes longer time to relax the system towards the target temperature
compared to the Berendsen method. In the Nosé-Hoover thermostat, the system is
coupled with a thermal bath by adding a friction term 𝜉 with its own momentum
𝑝𝜉 into the equation of motion. The equation of motion now reads as
𝑝𝜉 d𝒓𝑖
𝑄

, where the constant 𝑄 represents the strength of coupling and
d𝑡

d𝑝𝜉
d𝑡

d2 𝒓𝑖
d𝑡 2

𝑭

= 𝑚𝑖 −
𝑖

= (𝑇𝑡𝑎𝑟𝑔𝑒𝑡 −

𝑇𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ). The Nosé-Hoover thermostat is considered the most reliable thermostat for
simulation at equilibrium and for calculating thermodynamic properties. In general,
one can use the Berendsen thermostat for coupling the system to reach the desired
temperature and then switch to Nosé-Hoover thermostat for equilibrium analysis.
2.1.5

Barostat

Similar to temperature coupling, the pressure can be maintained by coupling the
simulated system to a “pressure bath”. Different algorithms can be used to control
the pressure including the Berendsen barostat [109], the extended-ensemble
Parrinello-Rahman barostat [110,111], and the MTTK method [112]. The Berendsen
and the Parrinello-Rahman barostats are introduced here because they were applied
in the simulations in this thesis. In the Berendsen algorithm, the atomic coordinates
and the simulation box vectors are rescaled at every step to relax the pressure
towards the target value.
d𝑷 𝑷𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑷𝑐𝑢𝑟𝑟𝑒𝑛𝑡
=
d𝑡
𝜏𝑝
Where 𝜏𝑝 is the time constant for the pressure coupling.
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(2.7)

The simulation box volume is scaled at each time step by a factor γ = 1 −
∆𝑡

β 𝜏 (𝑷𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑷𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ), whereas the atomic coordinates and the box vectors are
𝑝

scale by γ1/3. β is the isothermal compressibility. Generally, the value of β is
unknown but it is sufficient to have a rough estimate of it for example β =
4.6x10−10 Pa−1 for water at 300 K (similar values for most other liquids) because it
does not affect the average pressure [113]. The equation of motion is modified
d𝒓

as d𝑡 = 𝒗 − β

𝑷𝑡𝑎𝑟𝑔𝑒𝑡 −𝑷𝑐𝑢𝑟𝑟𝑒𝑛𝑡
3𝜏𝑝

𝒓. It is worth noting that the Berendsen barostat is very

efficient to relax the system towards the target pressure, but it does not yield the
exact NPT ensemble [113]. Therefore, it should be used at the early stage of a
production simulation to reach the desired pressure.
The Parrinello-Rahman approach was developed based on the Andersen barostat in
which the system is coupled to the volume of the simulation box mimicking the
action of a piston. In this barostat, the box vectors are represented by a 3x3 matrix H
= {h1, h2, h3}, where h1, h2, h3 are the sides of the box. The volume of the box is
calculated as 𝑉 = ℎ1 ∙ ℎ2 × ℎ3 . The atomic coordinates are scaled via the following
equation in terms of a scaled variable, 𝒔 with components (𝑠𝑎 , 𝑠𝑏 , 𝑠𝑐 ) each ranging
from 0 to 1:
𝒓 = 𝑯𝒔 = 𝑠𝑎 ℎ1 + 𝑠𝑏 ℎ2 + 𝑠𝑐 ℎ3

(2.8)

The equations of motion related to the scaled variable and the matrix H are obtained
as:
d2 𝒔 𝑯−1 𝑭
d𝑮 d𝒔
=
− 𝑮−𝟏
d𝑡
𝑚
d𝑡 d𝑡
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(2.9)

Where 𝑮 = 𝑯𝑇 𝑯
d2 𝑯
= 𝑉𝑾−1 (𝑯−1 )𝑇 (𝑷𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑷𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )
d𝑡

(2.10)

Where W is a matrix parameter determining the coupling strength and its inverse is
defined as 𝑾−1 =

4𝜋 2 β
2𝐿
3 𝜏𝑝

with β the isothermal compressibility, 𝜏𝑝 the time constant

for the pressure coupling, L the largest box matrix element.
By using the Parrinello-Rahman barostat, the dynamics of the simulated system, as
well as the size and the shape of the box can be changed during the course of the
simulation via Eq. (2.9) and (2.10). The Parrinello-Rahman approach theoretically
gives true NPT ensemble, thus it is a good option to control pressure for the systems
where the fluctuations in pressure and volume are important [113,114].
2.1.6

Periodic boundary conditions

The main idea of using periodic boundary conditions (PBC) is to calculate the
properties obtained for a large system by simulating a small simulation box. These
conditions allow an infinite system to be simulated by translating copies of a finite
size of simulation box with a fixed number of atoms in one, two or three directions as
illustrated in Figure 2.3.
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Figure 2.3. Illustration for PBC in MD simulations

Atoms in a specific simulation box not only interact with other atoms in the same
box but also with atoms in other neighbour boxes. In this thesis, each simulated
system was constructed a cubic box and the PBC were applied in all three directions.
2.2

Enhanced Sampling Techniques

2.2.1

Umbrella Sampling Simulations

During the time scale of MD simulations, it is sometimes not statistically probable to
sample the whole conformational space of the simulated system, due to the presence
of high kinetic barriers. Umbrella sampling, developed by Torrie and Valeau
[115,116], is an algorithm among enhanced sampling techniques to enhance the
sampling in this situation, and consequently helps reconstruct the free energy
landscape of the simulated system.
The probability distribution 𝑄(𝜉) of the system along a reaction coordinate 𝜉 can be
calculated as follow:

𝑄(𝜉) =

∫ 𝛿[𝜉(𝑟) − 𝜉] exp[(−𝛽𝑈)𝑑 𝑁 𝑟]
∫ exp[(−𝛽𝑈)𝑑 𝑁 𝑟]
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(2.11)

In Eq. (2.11) 𝛿 is the delta function, 𝛽 = 1/(𝑘𝐵 𝑇) with 𝑘𝐵 the Boltzmann constant,
U is the potential energy of the system.
The free energy 𝐴(𝜉) or potential of mean force (PMF) of the system along the
reaction coordinate is then calculated based on the relation:
1
𝐴(𝜉) = − ln 𝑄(𝜉)
𝛽

(2.12)

where 𝛽 = 1/(𝑘𝐵 𝑇), 𝑘𝐵 is the Boltzmann constant, and T is the absolute temperature
of the system. In MD simulations, 𝑄(𝜉) can be replaced by the time average 𝑃(𝜉),
assuming an ergodic system
𝑡

1
𝑃(𝜉) = lim ∫ 𝜌[𝜉(𝑡 ∗ )]𝑑𝑡 ∗
𝑡→∞ 𝑡

(2.13)

0

Where 𝑡 and 𝜌 denote the time and the frequency of 𝜉 in a specific interval,
respectively.
In umbrella sampling the reaction coordinate is split into many small windows. In
each window, a bias potential 𝑤𝑖 (𝜉) is applied to pull the system towards the target
value. The bias potential 𝑤𝑖 (𝜉) is usually expressed in a harmonic potential form

𝑤𝑖 (𝜉) =

1
𝑘(𝑥 − 𝑥0 )2
2

(2.14)

Where k is the force constant, x and x0 are the instantaneous and target positions,
respectively.
The potential energy of the system is now equal to 𝑈 𝑏 (𝑟) = [𝑈(𝑟) + 𝑤𝑖 (𝜉)]. The
biased probability distribution 𝑃𝑖 𝑏 (𝜉) will be obtained using the Eq. (2.11) with the
biased potential energy 𝑈 𝑏 instead of 𝑈. In order to calculate the unbiased
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PMF 𝐴𝑖 (𝜉), we need to obtain the unbiased distribution 𝑃𝑖 (𝜉) from the biased
distribution 𝑃𝑖𝑏 (𝜉)
𝑃𝑖 (𝜉) = 𝑃𝑖𝑏 (𝜉)exp[𝛽𝑤𝑖 (𝜉)]〈exp[−𝛽𝑤𝑖 (𝜉)]〉

(2.15)

And the PMF of the window i, 𝐴𝑖 (𝜉), is then evaluated as:

𝐴𝑖 (𝜉) = −𝑤𝑖 (𝜉) −

1
ln 𝑃𝑖𝑏 (𝜉) + 𝐹𝑖
𝛽

(2.16)

1

𝑃𝑖𝑏 (𝜉) is obtained from MD simulation. The constant 𝐹𝑖 = − 𝛽 ln〈exp[−𝛽𝑤𝑖 (𝜉)]〉
associated with the introducing of the biasing potential can be obtained implementing
Weighted Histogram Analysis Method (WHAM) [44,117]. In the WHAM method,
the global unbiased distribution function is calculated as an average weighted of 𝑁𝑤
unbiased distributions of all windows:
𝑁𝑤

𝑃(𝜉) = ∑ 𝑚𝑖 (𝜉)𝑃𝑖 (𝜉)

(2.17)

𝑖=1

The weights 𝑚𝑖 (𝜉) are expressed as:
𝑁𝑤

𝑚𝑖 (𝜉) = 𝑛𝑖 exp[−𝛽(𝑤𝑖 (𝜉) − 𝐹𝑖 )]/ ∑ 𝑛𝑗 exp[−𝛽(𝑤𝑖 (𝜉) − 𝐹𝑖 )]

(2.18)

𝑗=1

Where 𝑛𝑖 is the number of data points in order to describe the biased distribution
function 𝑃𝑖𝑏 (𝜉).
The constant 𝐹𝑖 are determined from:

exp(−𝛽𝐹𝑖 ) = 〈exp[−𝛽𝑤𝑖 (𝜉)]〉 = ∫ 𝑃(𝜉)exp[−𝛽𝑤𝑖 (𝜉)]𝑑𝜉
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(2.19)

Because the unbiased distribution function 𝑃(𝜉) in Eq. (2.17) is 𝐹𝑖 -dependent, the
Eq. (2.17) and (2.19) must be solved consistently through an iteration process. With
the starting point of 𝑁𝑤 values of 𝐹𝑖 , the unbiased distribution function 𝑃(𝜉) will be
determined through Eq. (2.17). Then, this 𝑃(𝜉) will be applied into the Eq. (2.19) to
generate new constant 𝐹𝑖 . The calculation will be repeated until convergence.
2.2.2

Well-tempered Metadynamics Simulations

Well-tempered metadynamics [118,119] (WT-metaD) was developed to enhance the
sampling of the conformational space of a system along a set of reaction coordinates
or collective variables (CVs), and determine the underlying free energy landscape.
Collective variables represent the degrees of freedom of the system and must be
chosen carefully to capture and describe the rare events. In WT-metaD, a bias
potential in form of a Gaussian function is dynamically deposited to the system’s
potential in the CV space during the course of the simulation. Consequently, the
system is forced to explore configurations at increasingly higher potential. The
history-dependent bias potential V is calculated as:
𝑉(𝑠, 𝑡) = ∑ 𝑊exp [−
𝑡 ′ <𝑡

(𝑠(𝑡) − 𝑠(𝑡 ′ ))2
]
2𝜎 2

(2.20)

In Eq. (2.20) s is the CV, 𝜎 is the Gaussian width of the CV, 𝑊 is the Gaussian
height which decreases with the simulation time
𝑊 = 𝑊0 𝑒 −𝑉(𝑠,𝑡)/(𝑏−1)𝑇

(2.21)

where 𝑊0 is the initial Gaussian height, T is the simulation temperature, 𝑏 =
(𝑇 + ∆𝑇)⁄𝑇 is the bias factor, ∆𝑇 is a parameter with the dimension of a
temperature.
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The Gaussian width determines the resolution of the calculated energy landscape. It
is usually set to less than one half of the standard deviation of the CV observed
during unbiased simulations. Whereas, the bias factor, related to the ∆𝑇 parameter,
governs the extent of free-energy exploration and should therefore be chosen so that
the relevant free energy barriers are crossed efficiently during the simulation time.
The system free-energy landscape can be estimated as
𝐹(𝑠, 𝑡) ~ −

2.3

∆𝑇 + 𝑇
𝑉(𝑠, 𝑡)
∆𝑇

(2.22)

Simulation Details

All MD simulations in this thesis were conducted using the GROMACS simulation
package [113,114,120]. The temperature were maintained by using either the
Berendsen [41], velocity rescaling [121], or the Nosé-Hoover thermostat methods
[42, 43]. The pressure was controlled by applying the Berendsen barostat at the early
stage and Parrinello-Rahman barostat during the equilibration and production stages
of the simulations. Dispersive and electrostatic forces were modeled by the 12-6 LJ
and Coulombic potentials, respectively. The Lorentz-Berthelot combination rules
[37, 38] were applied to determine the LJ parameters for unlike interactions from the
parameters of the pure components. A cutoff distance of 1.4 nm was set for all nonbonded interactions with the PME algorithm [82] employed to account for the longrange electrostatic interactions. The UB and WT-metaD algorithms were
implemented to reconstruct the free energy landscapes. PLUMED plugin [122] for
GROMACS was used to conduct WT-metaD simulations, whereas UB simulations
were conducted and analyzed directly in GROMACS implementing the WHAM
method [123]. Simulations were conducted on different supercomputers including
Legion at UCL, ARCHER, and NERSC.
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Chapter 3. Evidence of Structure-Performance Relation for
Surfactants Used as Anti-Agglomerants for Hydrates Management

The material presented in this section was published in 2017 in volume 33, pages of
2263-2274 of Langmuir.
3.1

Abstract

MD simulations were employed to study the structure of molecularly-thin films of
AAs adsorbed at the interface between sII methane hydrates and a liquid
hydrocarbon. The liquid hydrocarbon was composed of dissolved methane and
higher-molecular-weight alkane such as n-hexane, n-octane, or n-dodecane. The AAs
considered were surface-active compounds with three hydrophobic tails and a
complex hydrophilic head that contains both amide and tertiary ammonium cation
groups. The length of the hydrophobic tails and the surface density of the compounds
were changed systematically. The results were analyzed in terms of the preferential
orientation of the AAs, density distributions of various molecular compounds, and
other molecular-level properties. At low surface densities the hydrophobic tails do
not show preferred orientation, irrespectively of the tail length. At sufficiently high
surface densities, our simulations show pronounced differences in the structure of the
interfacial film depending on molecular features and on the type of the hydrocarbons
present in the system. Some AAs are found to pack densely at the interface and
exclude methane from the interfacial region. Under these conditions, the AAs film
resembles a ‘frozen interface’. The hydrophobic tails of the AAs that show this
feature has a length comparable to that of the n-dodecane in the liquid phase. It is
possible that the structured interfacial layer is in part responsible for determining the
performance of AAs in flow-assurance applications. The simulation results are
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compared against experimental data obtained with the rocking cell apparatus. It was
found that the AAs for which our simulations suggest evidence of a frozen interface
at sufficiently high surface densities are those that show better performance in
rocking cell experiments.
3.2

Introduction

Chemicals, known as hydrate inhibitors, are often used to prevent hydrates from
plugging pipelines [124,125], i.e., in the flow assurance application. Hydrate
inhibitors are differentiated into TIs [54], KHIs [56,57] and AAs [56,57] depending
on their mode of action. AAs belong to LDHIs class which function at low
concentrations. AAs allow the formation of hydrates but prevent small hydrate
particles from agglomerating and sticking to the pipe wall. Because of the
amphiphilic nature, AAs are surface active, and as such they adsorb at water-oil and
hydrate-oil interfaces. Several studies [39,54,67] indeed suggest that the AA
adsorption on hydrate surfaces is one of the mechanisms that could help preventing
hydrate. To prevent hydrates agglomeration, the AAs should affect the effective
attractive interactions between hydrate particles. According to Aman et al. [126], the
three main mechanisms responsible for cohesive forces between hydrate particles are
(1) solid-solid attraction between two hydrate particles, (2) capillary attraction [127],
resulting in a water bridge connecting two hydrate particles, and (3) hydrate growth
or sintering. When AAs adsorb at the oil-hydrate interface, the hydrophobic tails
preferably point towards the hydrocarbon phase, possibly inducing an effective
repulsion when two hydrates approach each other [39,54,128]. When the AA polar
headgroups are adsorbed on the hydrate surface, they could interfere with the hydrate
growth process reducing the growing rate [67]. Other possible mechanisms by which
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AAs may reduce cohesive forces between hydrate particles include their ability to
lower oil-water interfacial tension and/or to prevent hydrate growth within the water
bridge during the sintering of two hydrate particles. While many mechanisms have
been proposed, the molecular mechanism that determines AA performance is not
fully understood, despite a large number of experiments reported in the literature
[55,64,65,129,130]. It is of particular interest that small changes in the AAs
molecular features often yield dramatic changes in performance. It is possible that
these observations are due to changes in the molecular structure of AAs films
adsorbed at hydrate-oil interfaces.
In an attempt to clarify the AAs action mechanism, MD simulations were employed
in this study to quantify and visualize the molecular structure of AAs adsorbed on
hydrate surfaces. The AA surface density and their molecular features were
systematically changed, including compounds that show acceptable and poor
performance in applications. Unfortunately, for the AAs simulated here, adsorption
isotherms measured on either hydrates or water−oil interfaces are not available. For
comparison purposes, it has been reported that simple single-tail or gemini
surfactants adsorb with surface densities as high as 2.5 molecules per nm2 [131,132].
Because the AAs considered here are much more complex and certainly bulkier than
single-tailed surfactants, the maximum surface density they can achieve must be
somewhat lower. The maximum surface density considered in our simulations was
0.89 molecules per nm2. The AAs selected for the simulation have been tested for
their sII hydrate dispersion performance by laboratory rocking cell evaluations. The
experimental results indicate that a certain combination of length of the carbon chain
at the head and tail is important for rocking cell performance. Rocking cells are PVT
cells used by the industry to visually observe the performance of AAs for specific
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field conditions. The system parameters that describe the simulated systems (hydrate
type, sII, pressure, temperature, fluid composition, AAs structures) were chosen to
replicate experimentally relevant conditions.

Figure 3.1. Initial configuration for a system composed of 24 AA molecules. Red dotted lines
represent water molecules in the hydrate substrate. Green spheres and silver lines represent methane
and n-dodecane molecules, respectively. Yellow, red, blue, white, and cyan spheres represent chloride
ions, oxygen, nitrogen, hydrogen and carbon atoms in AA molecules, respectively.

3.3

Simulation Methodology

MD simulations were performed by using the GROMACS simulation package
[114,120], version 5.0.4. In all simulations sII hydrates were considered as the solid
substrate. Anti-agglomerants, chloride counterions, n-dodecane, and methane
composed the liquid phase. To construct the initial configurations, one unit cell of sII
methane hydrates was adopted from the study of Takeuchi et al. [133]. The positions
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of the water oxygen atoms were obtained from the analysis of X-ray diffraction
experiments. The coordinates of the water hydrogen atoms were determined from
MD simulations conducted with the constraint of satisfying the ice rules with zero
net dipole moment at the lowest potential energy [133].
Although the sII methane hydrate is thermodynamically stable at high pressure (>
100 MPa) [134,135], under moderate pressure and temperature conditions it is
expected that sI and sII methane hydrates coexist, as confirmed by experiments [61]
(similar results were reported for CO2 hydrates) [136,137] and simulations [72]. In
the literature, sII methane hydrates were employed to study hydrate growth [138] as
well as the interaction between fragments of LDHIs and hydrates using MD
simulations [78]. The sII methane hydrate was chosen for the present study because
it is expected to represent the hydrate formed during the experiments, discussed
below. The underlying assumption is that the host gas would not affect the properties
of the AAs film, which is the subject matter of this investigation. We confirmed that
the sII hydrate remained intact within the time frame of our MD simulations by
analyzing order parameters and other structural features. The investigation of the
relative stability of sI vs sII hydrates at the conditions simulated here is beyond the
scope of this work.
The sII methane hydrate unit cell was replicated three times in the X and Y directions
(5.193 nm) and two times in the Z direction (3.462 nm). Because all-atom MD
cannot at present describe the process of surfactant adsorption on a hydrate (which
occurs in time scales of the order of microseconds), the desired number of AAs
molecules was arranged near the hydrate substrate. The chloride counterions (Cl-)
were placed next to the AA headgroups. n-Dodecane and methane molecules, with a
molar ratio of 10:3, were placed within the remainder of the simulation box. One
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representative initial configuration is shown in Figure 3.1. The compositions of all
simulated systems are summarized in Table 3.1. Note that although the experiments
were conducted in the presence of Green Canyon gas (see the Experimental Details
section below), simulating ethane and propane in a mole fraction correspondent to
that of the experimental systems would require simulation boxes too large given the
current computational capabilities.
To remove high-energy configurations, an energy minimization simulation was
conducted from the initial configurations implementing the steepest descent method.
Subsequently, to minimize the possibility that the initial configurations biased the
simulation results, a NVT temperature-annealing procedure, as implemented in
GROMACS, was conducted. The algorithm linearly decreased the system
temperature from 1000 K to 277 K in 500 ps. In these simulations the hydrate
substrate and chloride ions were kept frozen. Subsequently, the equilibration phase
was run within the NPT ensemble at thermodynamic conditions favorable for hydrate
formation [139] (T = 277 K and P = 20 MPa). These conditions were chosen because
consistent with the experiments considered. The pressure coupling was only applied
along the Z direction of the simulation box, which allowed us to keep X and Y
dimensions constant and maintain the same surface area for different systems.
Temperature and pressure were maintained constant at 277 K and 20 MPa,
respectively, using the Berendsen thermostat and barostat for 2 ns. This is considered
the most efficient algorithm to scale simulation boxes at the beginning of a
simulation [113]. After 2 ns, the simulations were switched to the Nosé-Hoover
thermostat and the Parrinello-Rahman barostat, which are considered to be more
thermodynamically consistent algorithms [113]. In the NPT simulations all
molecules in the system were allowed to move, even water and methane molecules in
43

the hydrate substrate. Each NPT simulation was run for at least 50 ns. To ensure
equilibration was reached, the convergence of the total energy and system density as
well as density profiles of methane along the Z direction of the simulation box were
evaluated. Once equilibration was achieved, a 10 ns production run was conducted in
the NPT ensemble at T = 277 K and P = 20 MPa using the Nosé-Hoover thermostat
and the Parrinello-Rahman barostat, with pressure coupling along the Z direction of
the simulation box. The results obtained during the production run were analyzed and
are presented below.
The TIP4P/Ice model [84] was implemented to simulate water molecules. Methane
and n-dodecane were represented within the united-atom version of the TraPPE-UA
force field [91]. The AA molecular structure is shown in Figure 3.2. In this figure, the
two R1 groups represent long tails, and R2 represents a short tail. In our notation, an
AA is represented by SXLY where X and Y indicate the number of carbon atoms in the
short (S) and long (L) tails. Four AAs were simulated: S4L8, S4L12, S6L12, and S8L12.
The long tails considered are either n-octyl (in S4L8) or n-dodecyl (in S4L12, S6L12
and S8L12), while the short tails considered are n-butyl (in S4L8 and S4L12), n-hexyl
(in S6L12), or n-octyl (in S8L12). AAs were modelled by using the General Amber
Force Field (GAFF) [99] with atomic charges calculated with the AM1-BCC method
employed in Antechamber from the Amber 14 suite [107]. The chloride ions (Cl-)
were modeled as charged Lennard-Jones spheres with the potential parameters taken
from Dang, without polarizability [108].

44

Figure 3.2. Molecular structure of AAs with two long tails R1 (n-octyl for S4L8 and n-dodecyl for
S4L12, S6L12 AAs) and one short tail R2 (n-butyl for S4L8, S4L12; n-hexyl for S6L12, and n-octyl for
S8L12 AAs).

It is worth pointing out that in our systems AAs were present only on one side of the
hydrate substrate. Because of periodic boundary conditions, the opposite side of the
hydrate substrate remained exposed to the liquid organic phase. To ensure that
differences in interfacial energy across the simulated hydrate substrate do not affect
the results presented here, additional simulations for selected systems in which both
sides of the hydrate substrate were covered by AAs at the same surface density were
conducted. Quantification of the results confirmed that the structure of the thin
interfacial AA layer and the density profiles of methane along the Z direction of the
simulation box with AAs on either one or both sides of the hydrate substrate are
indistinguishable from each other.
Table 3.1. Compositions of the 17 simulated systems. Each system contains 696 methane molecules
(432 within the hydrate structure and 264 dissolved in the hydrocarbon phase), 880 higher molecular
weight alkanes (n-dodecane, n-octane, and n-hexane), and 2488 water molecules. At the highest
surface density considered (0.89 molecules/nm2), 24 AA molecules are present at the hydratehydrocarbon interface.

Number of
n-dodecane

Number
of noctane

Number
of nhexane

AAs surface
density,
molecules/nm2

Simulated
system

AAs
type

1

S4L8

2

S4L12

3

S6L12

0.22

4

S4L8

0.44

5

S4L12

0.22
880

880

-

-
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-

-

0.22

0.44

3.4

6

S6L12

0.44

7

S4L8

0.67

8

S4L12

9

S6L12

0.67

10

S4L8

0.89

11

S4L12

12

S6L12

13

S8L12

880

-

-

0.89

14

S4L12

440

440

-

0.89

15

S4L12

-

880

-

0.89

16

S4L12

-

-

880

0.89

17

S4L8

-

880

-

0.89

880

880

-

-

-

-

0.67

0.89
0.89

Experimental Details

The rocking cell apparatus was used to test the performance of selected AAs. A
schematic for the apparatus and a close-up picture of the rocking cells’ rig is
provided in Figure 3.3. All the experiments were conducted by researchers at
Halliburton in Houston, Texas, US (please refer to ref [140] for more information
about the authors).
The system used to test low-dosage hydrate inhibitors (LDHIs) consists of six-cell
units. Each rocking cell consists in a Hastelloy cylindrical vessel of length ~11.37 cm
and diameter ~1.85 cm, featuring dual sapphire windows and a powerful LED
lighting system that allows for the clear observation of the testing fluids as the
experiment is conducted. Each rocking cell can sustain pressures as high as 20 MPa
in the T range from -10 to +70 C. The higher pressures and lower temperatures that
can be sampled are consistent with those at which hydrates can form. The
temperature is maintained at the desired level via a liquid bath, whose temperature
can be controlled within 0.1 C using an automatic controller. The pressure in the
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rocking cell is set initially by a dual piston pump (gas booster in Figure 3.3). The
pressure is accurate to within 0.01 MPa at the beginning of the experiment. When the
temperature decreases, the pressure also decreases, as expected based on classical
thermodynamics. When the hydrates form, the pressure decreases because the gas is
entrapped by the hydrates. One magnetic sphere is placed in each cell to provide
agitation. Each cell houses two magnetic proximity sensors that detect and record
any obstruction in the movement of the magnetic sphere. The formation of hydrates
is detected when the pressure decreases abruptly within the cell. After hydrates
formation, their agglomeration is detected by the slowing down and/or the eventual
stoppage of the magnetic sphere movement.
The system can be programmatically controlled (see Figure 3.3) to set temperatures,
temperature ramp rates, rocking rates, and rocking angles. To mimic flow-assurance
applications, both shut-in and restart scenarios can be simulated; for example
interrupting the rocking of the cell while keeping the temperature constant simulates
the shut-in scenario. From this condition, initiating the rocking of the cells simulates
restart.
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Figure 3.3. Close up of a six-unit rocking cell rig (top left) and rocking cell rigs used for low-dosage
hydrate inhibitor testing (top right). In the bottom panel a schematic diagram for the rocking cell rig is
reported. The experiments were conducted by researchers at Halliburton in Houston, Texas, US [140].

The proper amount of oil, water and inhibitor were injected into the cells. Thereafter,
the cells were pressurized to 13.8 MPa with Green Canyon gas, a common Gulf of
Mexico Type II hydrate former. Green Canyon gas contains major components
including methane (87.26 mol %), ethane (7.57 mol %), and propane (3.1 mol %)
and minor amount of nitrogen (0.39 mol %) and other gases (0.49 mol % isobutene,
0.79 mol % n-butane, 0.2 mol % isopentane, and 0.2 mol % n-pentane). In the
experiments, the liquid hydrocarbon phase is composed of dodecane. The water
phase consisted of 3.5 wt % NaCl brine, the conditions typically experienced upon
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sea water breakthrough during production. The cells were dosed with AAs at 2 vol %
of the water volume. To compare across different molecules, the concentration of the
actives in each AA was constant.
After pressurizing the cells to 13.8 MPa, an oil saturation period of 2 h was followed
by a cool-down period of 2 h where the temperature was ramped down from 20 to 4
°C. After reaching the designated temperature, the cells were rocked for 16 to 18 h
and shut-in in the horizontal position for 6 h. The cells were then restarted for 0.5 h,
and particular attention was paid to the critical restart period. Finally, the cells were
warmed back to 20 °C while rocking. This test was conducted to simulate steady
state as well as transient conditions in the field.
The experiments were conducted at various gas-oil-water ratios. Given the gas
composition used in the experiments, it is expected that sII hydrates will form. Note
that while the experiments were conducted at increasing water content, the
simulations were conducted with no free water present in the system, other than a
thin molecular layer formed on top of the hydrates. The AAs shown in Figure 3.2 were
used in the experiments reported herein.
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3.5

Results

3.5.1

Visual observation of simulation snapshots

Figure 3.4. Representative simulation snapshots for systems containing S4L12 (left panels) and S4L8
AAs (right panels) at two surface densities: 0.22 (top) and 0.89 molecules/nm2 (bottom). Methane,
green spheres; n-dodecane, silver lines; water connected by hydrogen bonds, red lines; chloride ions,
yellow spheres; AAs: hydrogen, carbon, oxygen and nitrogen atoms are represented by white, cyan,
red, and blue spheres, respectively.

Representative simulation snapshots of S4L8 and S4L12 AAs adsorbed on the hydrate
surface are shown in Figure 3.4 at low (0.22 molecules/nm2) and high (0.89
molecules/nm2) surface densities. The snapshots were taken at the end of our
simulations. For clarity, the simulation box is replicated twice in the X and Y
directions. The headgroups of AAs are observed to adsorb on the hydrate surface,
possibly because of the strong attractive interactions between the polar functional
groups of AAs and water molecules in the hydrate layer. The long tails of AAs are
instead more likely to extend towards the alkane bulk phase, presumably because of
their hydrophobicity. The snapshots shown in Figure 3.4 suggest that different AAs
yield different thin-film structures as the surface density increases. At low surface
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densities, the AAs’ hydrophobic tails do not show a preferred orientation,
irrespectively of the tail length. However, at sufficiently high surface densities, a
pronounced difference is observed in the structure of the interfacial film depending
upon molecular structure of AAs. Explicitly, S4L12 AAs yield a very ordered thin
film, within which the long tails of AAs and n-dodecane align parallel to each other
in a nearly all-trans conformation (illustrated in Figure 3.5) and orient perpendicularly
to the hydrate surface. This ordered structure was not observed when using S4L8,
even at high surface density. As discussed below, it is possible that our results for
S4L12 are consistent with an interfacial-freezing phenomenon.

Figure 3.5. Simulation snapshots for n-dodecane molecules within the S4L12 AA layer at different
surface densities: 0.44 (left panel), and 0.89 molecules/nm2 (right panel).

3.5.2

Density profiles

To quantify the influence of AAs adsorbed on the hydrate surface on the distribution
of methane and n-dodecane in the simulated system, atomic density profiles along
the Z direction of the simulation box were calculated.
Atomic density profiles of total carbon atoms calculated for systems containing
either S4L8 or S4L12 AAs at various surface densities are reported in Figure 3.6. It can
be seen from that figure that at higher S4L12 surface densities (0.67 and 0.89
molecules/nm2) the thin interfacial AA layer is highly packed. It could be because
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the AA long tails and dodecane molecules formed a well-ordered layer near the
hydrate surface resembling a solid-like structure, as will be discussed below.

Figure 3.6. Atomic density profiles of carbon atoms along the Z direction of the simulation box for
the systems with S4L8 (left) and S4L12 AAs (right). Different curves are obtained at increasing AA
surface densities: 0.22 (red solid line), 0.44 (green dot line), 0.67 (blue dash line), and 0.89 (purple
dash dot line) molecules/nm2.

In Figure 3.7 density profiles for methane are reported. These results show periodic
peaks from Z = 0 to ~3.2 nm. These peaks are due to the methane molecules trapped
in the hydrate cages. At Z > 5 or 6 nm, depending on the system, the results show a
uniform density because the hydrocarbon phase is fluid. At the hydrate-fluid
interface methane comes from both the hydrate and the fluid phase. Because it is
possible that free methane molecules accumulate in this region towards growing the
hydrate, the density in this region is typically larger than that found in the fluid
phase. The results discussed so far do not depend strongly on the AA type nor the
surface density. On the contrary, the methane density profile in the thin region
between the layer of AA headgroups and the bulk liquid hydrocarbon phase shows
pronounced dependence on AA type. At low AA surface densities, the density of
methane near the hydrate surface for systems containing either S4L8 or S4L12 is
similar to those found in the bulk. When S4L8 is considered, the results show a
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depletion of methane at the interface as the AAs surface density increases to 0.89
molecules/nm2, but overall the changes are minimal. On the contrary, when S4L12 is
considered, the depletion of methane is very pronounced and the density profiles in
the interfacial region are nearly 0 when the AA surface density reaches 0.67
molecules/nm2. Combined with visual observation of the simulation snapshots, these
results suggest that the ordered layer of S4L12 tails successfully expels methane from
the interfacial region. This phenomenon seems to be due to the formation of an
ordered film with AA tails and n-dodecane molecules synergistically expelling
methane.

Figure 3.7. Density profiles of methane along the Z direction of the simulation box for systems with
S4L8 (left) and S4L12 AAs (right). Different curves are obtained at increasing AA surface densities:
0.22 (red solid line), 0.44 (green dot line), 0.67 (blue dash line), and 0.89 (purple dash dot line)
molecules/nm2.

3.5.3

AA orientation and molecular extension

To quantify the orientation of AAs at the interface, the angle formed between each
tail and the direction perpendicular to the hydrate surface was considered. The
probability distribution of this angle (we call the orientational angle, ) was
calculated as well as that of the angle between the two long tails of one AA molecule
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(we call the conformational angle, θ). See the top panel of Figure 3.8 for a schematic
of both angles.
In Figure 3.8, the probability distribution of the orientational angle in the middle
panels and that of the conformational angle in the bottom panels are reported. S4L8
and S4L12 AAs (left and right panels, respectively) are considered at various surface
densities of AAs. At low surface densities, 0.22 and 0.44 molecules/nm2, the
orientational angle shows wide probability distributions, from 0 to 90 and above,
irrespectively of the AA tail length. Similarly, the conformational angle does not
show preferential values at low surface coverage for either AAs considered. These
results suggest that the AAs are rather disordered at these conditions. However, when
the AAs surface density increases, the results show significant variations. While the
results obtained for S4L8 AAs do not show substantial changes compared to those
obtained at low surface density, the results obtained for S4L12 AAs show pronounced
order. The orientational distributions show pronounced peaks at ~20 and ~10 when
the surface density increases to 0.67 and 0.89 molecules/nm2, respectively,
suggesting that the AA tails become almost perpendicular to the hydrate surface. At
the same surface densities, the conformational distributions show pronounced peaks
at ~10, suggesting that the AAs maintain their long tails almost parallel to each
other at these conditions.
As the only difference between the systems simulated is the length of the AAs tails,
the differences highlighted in Figure 3.4, Figure 3.7, and Figure 3.8 are likely due to
steric effects (the longer tails pack more efficiently when perpendicular to the
interface), interactions with the underlying hydrate (the shorter tails should
experience weaker effective repulsions than the longer ones), and perhaps also
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preferential interactions with the hydrocarbon molecules in the fluid phase (the short
tails are less compatible than the long ones with the n-dodecane molecules).

Figure 3.8. (Top panel) Schematic representing the orientational angle  formed by the vector
connecting the first-the last carbon of the hydrocarbon tails and the surface normal, i.e., the Z
direction) (left) and the conformational angle θ between two long tails of one AA molecule (right).
(Middle and bottom panels) Probability distributions of orientational and conformational angles for
S4L8 and S4L12 AAs (left and right panels, respectively) at increasing AA surface density: 0.22 (red
solid line), 0.44 (green dot line), 0.67 (blue dash line) and 0.89 (purple dash dot line) molecules/nm2.
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We point out that when the ordered film described for S4L12 AAs forms at the
hydrate-hydrocarbon interface, a visual inspection of simulation snapshots suggests
that n-dodecane molecules from the liquid phase penetrate the AA layer and remain
approximately parallel to the AA tails and perpendicular to the solid substrate (see
Figure 3.4

and Figure 3.5).

It is possible that the AA long tails and alkane in the AA layer are in fully extended
conformations. In Figure 3.9, the length of either S4L8 or S4L12 AA long tails (left
panel) and that of n-dodecane molecules found within the thin film formed by AAs
on the hydrates (right panel) are plotted at various AA surface densities. In this
analysis, the chain length is represented by the end-to-end distance between the first
and the last carbon atoms of the chain. n-Dodecane molecules are considered within
the thin AAs film when their center of mass is within the region between the AA
headgroups and the out most CH3- groups of AA alkyl tails (see Figure 3.10 for the
density profile of the AAs along the Z direction of the simulation box).

Figure 3.9. (Left panel) Alkyl tail length of S4L8 (green fence) and S4L12 AAs (purple solid) at
different surface densities. (Right panel) n-Dodecane chain length in the thin film of S4L8 (green
fence), and S4L12 AAs (purple solid) at different AA surface densities.
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Figure 3.10. Density profiles of S4L8 (left) and S4L12 AAs (right) along the Z direction of the
simulation box at increasing AAs surface densities: 0.22 (red solid line), 0.44 (green dot line), 0.67
(blue dash line), and 0.89 (purple dash dot line) molecules/nm2.

When S4L8 AAs are considered, the chain length of both AA tails and n-dodecane
molecules is independent from the surface density. The values remain constant at
~0.82 nm and 1.2 nm, respectively. Note that the end-to-end length of n-dodecane in
the bulk is ~1.18 nm. On the contrary, when S4L12 AAs are considered, as the AA
surface density increases, our results suggest that there is a tendency of AAs long
tails and n-dodecane to extend further. The length of AA long tails and n-dodecane
in the thin AA film at high surface densities is ~1.36 – 1.4 nm, close to the length of
n-dodecyl in the all-trans conformation, ~1.5 – 1.6 nm [141–143]. Combined with
visual observation of simulation snapshots (see Figure 3.4 and Figure 3.5), these results
suggest that within the ordered film of AAs the long alkyl tails of S4L12 AAs and ndodecane extend to reach the all-trans conformation, which allows for more
attractive chain-chain lateral van der Waals interactions.
3.5.4

Rocking cell experimental performance

AAs typically perform well when the amount of water present in the system is low.
An increase in the amount of water results in higher plugging tendency. It is
customary to refer to the amount of water present in terms of ‘water cut’, which is
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the volume of water with respect to the volume of liquid in the system. For a given
water cut, the best performing AAs would prevent hydrate agglomeration at low
concentrations. On the basis of these observations, in our experiments, the primary
performance criteria for AAs was determined by the maximum water cut an AA can
treat. For one AA, a series of rocking cell tests were run to determine the
performance limits of each AA (see Figure 3.2 for the molecular structure), starting
from low water cut and increasing the water cut while keeping the AA concentration
in water constant. The lowest water cut considered was 25 vol % and the typical AA
concentration in the experiments was of 2 vol % in water. The highest water cut at
which some of the AAs considered prevented the formation of hydrates in the
systems considered here was of 55 vol %. The experiments were performed
following the protocol described in the Experimental Details.
Table 3.2

provides a summary of the experimental data obtained from rocking cell

testing. The experiments summarize, qualitatively, the visual observation: the AAs
are classified as good, moderate or poor performers based on the maximum water cut
at which the AA is effective at preventing hydrates from plugging the rocking cells.
In our analysis, good performance indicates that the AA was able to prevent the
formation of hydrates at water cuts greater or equal than 50 vol %; moderate is 3045%, and poor is less than 30%. While the results are semi-quantitative, they are
important for identifying the AAs that are expected to perform well in practice.
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Table 3.2. Performance assessment of different AA molecules. The AAs are classified based on the
maximum water cut at which the AA is still effective at preventing hydrates from plugging the
rocking cells. In our analysis, the good AAs were able to prevent the formation of hydrates at water
cuts greater or equal than 50 vol %; 30-45% for the moderate ones, and less than 30% for the poor
ones.

3.6

R1

R2

Notation

Performance Category

C12

C4

S4L12

Good

C12

C5

S5L12

Moderate

C12

C6

S6L12

Poor

C12

C8

S8L12

Poor

C8

C4

S4L8

Poor

Discussion

Our results suggest that an ordered AA film at the interface between a hydrate and a
fluid liquid hydrocarbon phase can be effective at excluding methane from the
interfacial layer. It is possible that the depletion of methane from the interface
impedes hydrate growth, one of the mechanisms to control during flow assurance
problems (the others include hydrate nucleation and aggregation). It is perhaps
interesting to observe that, out of the two AAs simulated above, the one that shows
better performance in practical applications is S4L12, which in our simulations yields
an ordered film that excludes methane from the interface. Analysis of density profiles
reveals that the ordered AA film is highly packed with oil molecules aligned parallel
to the AAs long tails. Based on this observation, we also suggest that the formation
of an ordered thin AA film on the hydrate surface could yield a barrier preventing the
aggregation of water droplets or hydrate particles on the underlying hydrate. We
expect that a low-density disordered AA layer would not be able to provide such a
barrier. However, it should be pointed out that in the experiments the better
performing AAs are those that are effective as the water content increases, whereas
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in the simulations there is no free water present other than a thin molecular film that
form spontaneously on the hydrate surface.
The ordered film described above for S4L12 AAs at the interface between hydrates
and liquid hydrocarbons consisting primarily of n-dodecane seems consistent with
the interfacial-freezing phenomenon, documented for water-alkane or air-alkane
interfaces in the presence of cation surfactants [144–146]. Tamam et al. [144] used
X-ray reflectivity and surface tensiometry to study the surfactants at the oil-water
interface; at high temperatures the results were consistent with a liquid interfacial
monolayer formed by surfactant tails and alkane molecules at the interface. As the
temperature decreases, the results showed that the interfacial layer becomes dense
and frozen, with alkane molecules and surfactant tail in a fully extended state even at
temperatures well above the alkane freezing temperature. It has been proposed that a
reduction in partial molar entropy induced by strong van der Waals interactions
between alkane molecules incorporated into the surfactant film and the surfactant
tails is responsible for this phenomenon [146]. For completeness, it is worth noting
that the formation of ordered AA films strongly depends on thermodynamic
conditions. For example, additional simulations, not reported here for brevity, show
that the ordered film observed for S4L12 AAs at 0.67 molecules/nm2 becomes
disordered when the temperature is increased to 290 K, all other parameters being
constant. It is also worth noting that the estimated freezing temperature of the
mixture of n-dodecane and methane at the same pressure and composition is within
the range of 230 K and 250 K (see Appendix B).
To examine the structure of the thin interfacial film formed by AAs and n-dodecane,
in-plane radial distribution functions (RDFs) were calculated among the n-dodecane
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molecules within the AAs film. The position of the 6th carbon atom in the ndodecane chain was used for these calculations. The results are shown in Figure 3.11.

Figure 3.11. (Left panel) In-plane radial distribution functions between n-dodecane molecules in the
bulk liquid phase (black solid line) and at the interfacial layer at different S4L12 AA surface densities:
0.22 (blue dash line), 0.44 (red solid line), 0.67 (green dot line), and 0.89 molecules/nm2 (purple dash
dot line). (Right panel) In-plane radial distribution functions between n-dodecane molecules in bulk
liquid phase (black solid line), and within the interfacial film formed by S 4L8 (blue dash line) or by
S4L12 AAs (red solid line) at the surface density of 0.89 molecules/nm2.

In Figure 3.11, the RDF obtained for n-dodecane in the bulk liquid hydrocarbon phase
is compared to the RDFs obtained for the n-dodecane molecules found within the
thin film formed by S4L12 AAs on the hydrates. The bulk results are consistent with a
fluid structure, as expected. Even when the n-dodecane molecules are within the thin
interfacial film, the RDFs are consistent with a fluid structure, unless the S4L12 AA
surface density increases to 0.67 molecules/nm2 and above. In the latter case the
RDFs are indicative of an ordered structure. In the right panel of Figure 3.11, the bulk
RDF for n-dodecane is compared to the RDFs obtained for n-dodecane within the
thin interfacial films in the presence of either S4L8 or S4L12 AAs at 0.89
molecules/nm2. We conclude that n-dodecane remains fluid-like and disordered
when S4L8 AAs are simulated. However, perhaps more importantly, these results are
consistent with the formation of an apparently frozen interfacial layer in the presence
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of S4L12 AAs at sufficiently high surface density. AAs with shorter tails do not yield
such an ordered film.
Because in our simulations the formation of the apparently frozen interfacial film
was observed when the length of the AA long tails was comparable to the length of
the linear hydrocarbon present in the fluid mixture (n-dodecane) and not otherwise, it
is possible that aside the surface AA density other factors influence the formation of
the dense and ordered interfacial film, including lateral van der Waals interactions
between the AA tails and alkane, compatibility between AA and alkane chain length,
the ability of the AA molecules to pack in an ordered structure, which may be
affected by the molecular architecture of the headgroup and of the other tails, if
present, as well as the smoothness of the hydrate substrate, and possibly other factors
such as the presence of impurities. In what follows, some of these effects are
quantified.
3.6.1

Effect of the AA molecular features: the short tail

Different simulations using S4L12, S6L12, and S8L12 AAs were conducted at a surface
density of 0.89 molecules/nm2. We calculated the probability distribution of the
orientational angle, the RDF between n-dodecane molecules within the interfacial
film, and the atomic density profiles in the Z direction. The results are shown in
Figure 3.12.
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Figure 3.12. (Top left panel) Probability distributions of orientational angle for different AAs. (Top
right panel) In-plane radial distribution functions between n-dodecane molecules in the bulk liquid
phase (black solid line) and at the interfacial layer for systems with different AAs. (Bottom left panel)
Atomic density profiles of carbon atoms along the Z direction of the simulation box. (Bottom right
panel) Methane density profiles along the Z direction of the simulation box for systems with different
AAs (only density profiles near the hydrate surface are shown for clarity). The simulations were
conducted for S4L12 AAs (red solid line), S6L12 AAs (green dot line) and S8L12 AAs (blue dash line) at
the surface density of 0.89 molecules/nm2 in n-dodecane.

The results obtained for the probability distribution of the orientational angle (top left
panel in Figure 3.12) show that as the length of the short tail increases, the two long
tails show a more dispersed orientation with respect to the surface normal. The
results for the RDFs computed among n-dodecane molecules within the interfacial
film (top right panel in Figure 3.12) show that as the short tail length increases the thin
interfacial film remains ordered, but the peaks in the RDFs become broader and less
pronounced. The results obtained for the density profiles of methane in the direction
perpendicular to the interface (bottom right panel in Figure 3.12) show that as the
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short tail of the AAs increases in length, methane penetrates the interfacial film. All
the results just discussed consistently show that the order of the AAs film at the
hydrate-hydrocarbon interface decreases as the length of the short tail in the AAs
considered here increases.
To explain the effects due to the short tail length, the probability distribution of the
orientational angle for the short tail was calculated. The results shown in Figure 3.13
indicate that as the short tail increases in length it becomes more and more oriented
perpendicularly to the hydrate surface. This suggests that when the third tail is too
long it competes with the other two tails for space within the interfacial layer, thus
compromising the compactness of the film, allowing methane to penetrate the
interfacial layer. It is also possible that as the third tail orients away from the
interface the AA molecule adheres less strongly to the hydrate surface, although this
possibility has not been tested herein.

Figure 3.13. Probability distribution of the orientational angle for the short tail of S4L12 AAs (red
solid line), S6L12 AAs (green dot line) and S8L12 AAs (blue dash line) at surface density of 0.89
molecules/nm2 in the presence of n-dodecane in the bulk liquid phase.
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3.6.2

Effect of the liquid hydrocarbon type

We assessed how the structure of the S4L12 AA film, at the surface density of 0.89
molecules/nm2, changes in the presence of n-octane or n-hexane rather than ndodecane. The system conditions were not changed (T = 277 K, P = 20 MPa). The
results are analyzed in terms of the probability distribution of the orientational angle,
density profiles of carbon atoms, methane along the Z direction, and RDFs between
the hydrocarbons within the interfacial film. The results (see Figure 3.14) clearly show
that the AA films obtained when the n-dodecane is substituted with either n-octane or
n-hexane are much less ordered and are not capable to expel methane from the
interfacial region.

Figure 3.14. (Top left panel) Probability distribution of the orientational angle of AAs. (Top right
panel) In-plane RDFs between hydrocarbon chains in the interfacial film. (Bottom left panel) Atomic
density profiles of carbon atoms along the Z direction of the simulation box. (Bottom right panel)
Atomic density distribution of methane along the Z direction. The simulations were conducted for
S4L12 AAs at the surface density of 0.89 molecules/nm2 in the presence of n-dodecane (red solid line),
n-octane (green dot line), and n-hexane (blue dash line) in the liquid phase.
.
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From the results shown in Figure 3.14, it appears that the S4L12 AAs yield an ordered
and dense interfacial film when n-dodecane is present in the hydrocarbon fluid
mixture. It is possible that when the length of the long tails in the AAs molecules is
comparable to the length of the hydrocarbon chains in the fluid mixture, interdigitation of the hydrocarbon molecules within the film formed by the AA molecules
yields higher partial molecular entropy compared to the systems containing
hydrocarbon chains of different lengths, yielding the dense ordered film discussed
above.
S4L8 AAs were also simulated at the surface density of 0.89 molecules/nm2 when the
hydrocarbon fluid contained n-octane solvent. The results, which can be found in
Figure 3.15,

show that the interfacial film remains disordered and is not able to

exclude methane from the interfacial region. It is possible that the relatively short
length of the tails in S4L8 AAs prevents the formation of ordered interfacial films.

Figure 3.15. (Top left panel) Probability distributions of orientational angle of AAs. (Top right panel)
In-plane RDFs between n-octane molecules in the bulk liquid phase (black dot line) and at the
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interfacial layer (red solid line). (Bottom-left panel) Atomic density profiles of carbon atoms along the
Z direction of the simulation box. (Bottom-right panel) Methane density profile along the Z direction
of the simulation box (only density profile near the hydrate surface with AAs is shown for clarity).
The simulation was conducted for S4L8 AAs at surface density of the 0.89 molecules/nm2.

Finally, the system containing S4L12 AAs was simulated at the surface density of
0.89 molecules/nm2 in contact with a fluid hydrocarbon mixture that contained, in
addition to methane, both n-octane and n-dodecane at the 1:1 molar ratio. The results
(see Figure 3.16) are consistent with the formation of a dense ordered AA film near
the hydrate surface. An analysis of the simulation results shows that 93% of the
hydrocarbon chains present within the interfacial AA film were n-dodecane,
suggesting a significant enrichment compared to the composition of the bulk
hydrocarbon fluid. The preferential adsorption of n-dodecane within the AA film is
consistent with the findings of Tokiwa et al. [146], who reported a preferential
adsorption of alkane molecules of length similar to that of surfactant tails into the
surfactant layer at the oil-water interface upon freezing of the interface.
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Figure 3.16. (Top left panel) Probability distributions of the orientational angle of AAs. (Top right
panel) In-plane RDFs between n-octane molecules in the bulk liquid phase (black dot line) and at the
interfacial layer (red solid line). (Bottom left panel) Atomic density profiles of carbon atoms along the
Z direction of the simulation box. (Bottom right panel) Methane density profile along the Z direction
of the simulation box (only density profile near the hydrate surface with AAs is shown for clarity).
The simulation was conducted for S4L12 AAs at the surface density of 0.89 molecules/nm2 in the
presence of both n-octane and n-dodecane at the 1:1 molar ratio in the liquid hydrocarbon phase.

3.7

Conclusions

Equilibrium MD simulations at atomistic resolution were conducted to investigate
the behavior of AAs adsorbed at the interface between one flat hydrate surface and a
fluid hydrocarbon mixture containing methane and higher-molecular-weight
hydrocarbons. The AAs used in this study were chosen because they offer the
possibility to systematically vary the length of their hydrophobic tails. The effect of
these changes was analyzed both via simulations and experiments conducted with the
rocking cell apparatus. The AA molecules contain amide and tertiary ammonium
cation groups in their headgroups and have three tails of varying lengths. In the
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simulations, the length of the AA tails and the AA surface density were changed
systematically. Analysis of the simulation results and comparison against
experimental data reveal that those AAs that show better practical performance can
yield dense ordered films at the hydrate-hydrocarbon interface, from which methane
molecules are excluded. This dense ordered layer is consistent with the frozen
interfacial layers reported for several water-oil interfaces in the presence of
surfactants. The results show that at a specific temperature and pressure condition the
interfacial film becomes ordered when AAs are present at sufficiently high surface
densities while their alkyl tails and alkane molecules are long enough and
comparable to each other. Other factors influencing the preferential interactions of
AAs with both the underlying hydrate substrate and the supernatant hydrocarbon
phase are expected to impact the formation of the ordered interfacial film. They
could be the addition of salts or the presence of co-surfactants. Should these results
be verified experimentally, they could lead to a better understanding of the molecular
mechanisms by which AAs can be effective in the management of hydrates
formation and agglomeration in flow assurance and perhaps also for developing new
technologies to both harvest natural gas hydrates and engineer carbon dioxide
hydrates for long-term storage applications.
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Chapter 4. Emergent Properties of Anti-Agglomerant Films
Control Methane Transport: Implications for Hydrate Management

The material presented in this section has been accepted for publication in 2018 in
volume 34, page of 9701-9710 of Langmuir.
4.1

Abstract

The relation between collective properties and performance of AAs used in hydrate
management is tackled using MD simulations and enhanced sampling techniques. A
thin film of AAs adsorbed at the interface between one flat sII methane hydrate
substrate and a fluid hydrocarbon mixture containing methane and n-dodecane is
studied. The AA considered is a surface-active compound with a complex
hydrophilic head that contains both amide and tertiary ammonium cation groups, and
hydrophobic tails. At sufficiently high AA density, the interplay between the
surfactant layer and the liquid hydrocarbon excludes methane from the interfacial
region. In this scenario, metadynamics and umbrella sampling frameworks are
combined to study accurately the free-energy landscape and the equilibrium rates
associated with the transport of one methane molecule across the AA film. The
results obtained indicate that local configurational changes of the liquid hydrocarbon
packed within the AA film are associated with high free energy barriers for methane
transport. The time scales estimated for the transport of methane across the AA film
can be, in some cases, comparable to those reported in the literature for the growth of
the hydrates, suggesting that one possible mechanism by which AAs delay the
formation of hydrate plugs could be providing a barrier to methane transport.
Considering the interplay between structural design and collective properties of AAs
might be of relevance to improve their performance in flow assurance.
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4.2

Introduction

There are three major stages associated with hydrate plug formation: nucleation
[9,40], growth [9,41], and agglomeration [42,43]. Numerous experimental
investigations [9,147–152], modelling and simulations [153–156] have contributed to
the current understanding of such stages. As offshore drilling activities have moved
towards geological sites of deeper waters and colder temperatures [157], the
community is facing ever more severe technical challenges. To manage hydrates in
pipelines, hydrate inhibitors are used including TIs, KHIs, and AAs. They are
differentiated depending on their mode of action. AAs, mostly surface-active
surfactants, are usually amphiphilic chemicals with complex hydrophobic tails and
hydrophilic headgroups [140]. They allow the hydrate particles to form, but keep
them dispersed yielding transportable slurries [9,67,158,159]. When AAs adsorb at
the oil-hydrate interface, the hydrophobic tails preferably point toward the
hydrocarbon phase, possibly inducing an effective repulsion when two hydrates
approach each other [9,126,160]. When the AA polar headgroups are adsorbed on the
hydrate surface, they could interfere with the hydrate growth [67,161]. While the use
of AAs is increasing in subsea projects across the industry [162], their mechanisms
of action remain poorly understood. Such understanding is necessary to improve
their cost-effectiveness and expand the range of conditions over which their use is
safe and convenient.
Because classical MD simulations can follow the trajectories of individual
molecules, MD simulation has been the preferred technique to investigate the
formation of hydrates with and without the presence of KHIs [72,128,140,163–166].
Recent numerical studies have concentrated on the relation between structure and
performance of model AAs, with the emergent molecular-level characterization of
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the surface adsorption mechanisms of surfactants to hydrates considered as a
signature of microscopic performance [167,168]. The coalescence mechanisms of
gas hydrate particle and water droplet has also been studied [160]. Recently, our
previous work [140] related the macroscopic performance of a class of AAs in flowassurance applications to the molecular-level properties of the surfactant interfacial
film. Those simulations, compared to experiments, suggested that effective AAs
could provide energy barriers in methane transport.
In the present work, such energy barriers as experienced by one methane molecule
diffusing from the hydrocarbon phase to the growing hydrate are quantified. nDodecane was chosen as liquid hydrocarbon, consistent with experimental
procedures discussed elsewhere [140,169], where it is used to eliminate the effect of
natural surfactants present in crude oil. Building on the previous work [140], the AA
that is most effective at excluding methane from the film of AAs formed at the
water-hydrocarbon interface is considered. This AA was found to have good
performance in laboratory tests meant to screen AAs for flow assurance applications.
The metadynamics [170] and umbrella sampling [116] frameworks are combined to
study accurately the free-energy (FE) landscape and the equilibrium rates associated
with the transport mechanisms of one free methane molecule across a densely packed
interfacial layer. At sufficiently high AA density, the results show that the FE barrier
is caused by local configurational changes of the liquid hydrocarbon molecules
packed within the AA film.
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4.3

Computational Methods

4.3.1

Unbiased MD simulations

MD simulations were performed with GROMACS software package [171], version
5.1.1 using the TIP4P/Ice water model [84]. Biased simulations were performed
using version 2.3 of the plugin for FE calculation, PLUMED [122]. Methane and ndodecane were represented within the united-atom version of the TraPPE-UA force
field [172]. AAs were modeled by using the general Amber force field (GAFF) [99].
Atomic charges were calculated with the AM1-BCC method employed in
Antechamber from the Amber 14 suite [173]. The chloride counterions (Cl−) were
modeled as charged Lennard- Jones spheres with the potential parameters taken from
Dang [108], without polarizability. AAs, chloride counterions, n-dodecane, and
methane composed the liquid phase.

Figure 4.1. Molecular structure of the AA with two long tails R1 (n-dodecyl) and one short tail R2 (nbutyl).

To construct the initial configurations, the procedure described in our previous work
[140] was followed. The sII methane hydrate was chosen in the present study to
represent features of the experimental system considered, in which a small amount of
gases other than methane is present. As discussed elsewhere, it is impractical to
consider these gases in the simulations [140]. The underlying assumption is that the
host gas does not affect the properties of the AA film, which is the subject matter of
this investigation. One unit cell of sII methane hydrates was adapted from the study
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of Takeuchi et al. [133]. The sII methane hydrate unit cell was replicated 3 times in
the X and Y directions (5.193 nm) and 2 times in the Z direction (3.462 nm). It was
then flanked by a thin liquid water film of approximately 0.5 nm on both sides along
the Z direction, which represents the quasi-liquid interfacial layer discussed in the
experiments of Aman and coworkers [174]. The desired number of AA molecules
was arranged near both sides of the hydrate substrate, so that the AA surface density
is ~ 0.67 molecules/nm2. The chloride counterions (Cl-) were placed next to the AA
headgroups. n-Dodecane and methane molecules were placed within the remainder
of the simulation box. The time step used in all the simulations was 0.001 ps and the
list of neighbours was updated every 0.01 ps with the grid method and a cutoff radius
of 1.4 nm.
The energy of the model was first optimized with the steepest descent minimization
algorithm to remove high-energy configurations, which might be related to steric
hindrance between AAs and the hydrocarbon phase. During this step, the gas hydrate
structure remained unaltered. Subsequently, to minimize the possibility that the
initial configuration biased the simulation results, an NVT temperature-annealing
procedure implemented in GROMACS [171] was conducted. The algorithm linearly
decreased the system temperature from 1000 K to 277 K in 500 ps. In these
simulations, the hydrate substrate and chloride ions were fixed in position. To relax
the structure of n-dodecane and AAs, a NVT simulation was conducted at 277 K for 2
ns using the Berendsen thermostat [175], with the sII hydrate structure kept fixed in
position. The equilibration phase was then conducted within the isobaric-isothermal
(NPT) ensemble under the thermodynamic condition favorable for hydrate formation
(T = 277 K and P = 20 MPa) to equilibrate the density. During the NPT simulation,
all molecules in the system were allowed to move, including water and methane
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molecules in the hydrate substrate. The pressure coupling was applied only along the
Z direction of the simulation box, which allowed us to keep X and Y dimensions
constant. Temperature and pressure were maintained at 277 K and 20 MPa,
respectively using the Berendsen thermostat and barostat [175] for 5 ns. This is
considered to be the most efficient algorithm to scale simulation boxes at the
beginning of a simulation [113]. We then switched to the Nosé-Hoover thermostat
[176] and the Parrinello-Rahman barostat [177] for 100 ns, which are considered to
be more thermodynamically consistent algorithms [113]. This numerical protocol
allowed the AAs to assemble and orient to form the ordered layer described in our
previous work [140]. The system was then equilibrated for 3 ns in NVT conditions
coupling with the v-rescale thermostat [121] (T = 277 K, τT = 0.1 ps). To define the
position of the free methane molecule in the simulation box with respect to the sII
hydrate structure, the simulation was continued in NVT conditions holding in place
the methane molecule enclathrated into the water cages defining the sII hydrate
structure, as implemented with the freeze group procedure in GROMACS [171].
4.3.2

Biased MD simulations

The phenomenon of interest, i.e. the transport of methane across the interfacial layer,
takes place on time scales that are orders of magnitude longer than the accessible
time that can be currently simulated with classical MD simulations. A variety of
methods, referred to as enhanced sampling techniques [178–182], can be
implemented to overcome this limitation. These methods accelerate rare events and
are based on constrained MD simulation. Metadynamics [170,183–185] (metaD) and
umbrella sampling [116,186] (US) belong to this class of methods: they enhance the
sampling of the conformational space of a system along a few selected degrees of
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freedom, named reaction coordinates or collective variables (CVs), and reconstruct
the probability distribution as a function of these CVs. These techniques have been
proven to be a powerful tool to study biological [187–190] and chemical systems
[191–193]. However, despite these successes, care should be put in properly
choosing and implementing the reaction coordinates [170,183–185].
We first ran a WT-metaD simulation [194,195] using the three Cartesian coordinates
(X, Y and Z) of the free methane molecule as CVs. Following the algorithm
introduced by Barducci et al. [194], a Gaussian-shaped potential is deposited every τG
= 2 ps, with height W = W0e−V(s,t)/(b−1)T , where the initial height W0 = 5 kJ/mol, T is
the temperature of the simulation, and the bias factor b = (T + ∆T)/T = 25 with ∆T a
parameter with the dimension of a temperature.
In our implementation, the resolution of the recovered FE surface is determined by
the width of the Gaussian σ = 0.25 nm along the X, Y and Z directions. This step was
motivated by the inherent competition between different pathways that can lead to
methane transport through the AA layer, each path characterized by different FE
barriers. WT-metaD simulations were run restraining the position of the AA layer,
while allowing the hydrocarbon molecules, both trapped at the interface and present
in the bulk phase, to move freely. This was necessary to minimize local hysteresis
effects that would happen in the global convergence of the WT-metaD resulting from
the flexibility of the AA layer in defining the Cartesian position of the free methane
molecule with respect to the AA film.
Once the possible pathways across the AA film were identified, the potential of mean
force (PMF) along them was rigorously calculated using US. This combined
metaD/US approach, originally proposed by Zhang and Voth [196] in the biophysical
context, provides a powerful means to calculate a physically meaningful PMF where
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the convergence problem, sometimes associated with metaD, is avoided. The
approach also avoids the discontinuity problem, often associated with US
calculations that assume a straight line reaction coordinate, yielding a physically
accurate PMF [196]. It is worth noting that in the combined metaD/US approach, the
final PMF is not sensitive to the choice of the WT-metaD parameters, as long as they
are in reasonable range, since the PMF is not directly calculated from metaD [196].
In the WT- metaD simulations, soft walls were added on both side of the interfacial
layer, to limit sampling inside the AA film.
Once representative pathways were identified, the associated PMF was calculated
using US, with the Z−Cartesian coordinate along that preliminary pathway as
collective variable. The system was free in the X−Y plane. To design the US
windows, it is common practice to implement either one of two approaches: 1) the
system is dragged using the steered dynamics [186], or 2) the initial structures are
prepared by changing the position of the CV directly followed by energy
minimization [197]. As discussed by Nishizawa [197], it is possible, with these
protocols, to drive the system into configurations with no reverse transition (i.e.,
breaking the ergodicity of the system). This can be particularly true with fluid/soft
systems where covalent bonds are not present. This shortcoming can be associated to
artifactual kinetic barriers between consecutive states that slow sampling of
configurations during US. These effects could render the free-energy profile (FEP)
analysis inappropriate and/or unfeasible using a reasonable amount of computation.
To avoid these shortcomings, the adiabatic biased molecular dynamics (ABMD)
framework, which is based on the local fluctuations of the system [198–201], was
used.
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Furthermore, one must avoid inefficient sampling in the CV orthogonal degrees of
freedom (either X or Y direction), despite ensuring good overlap in the Z direction.
As others pointed out [196,202,203], this numerical issue could cause a discontinuity
in configurational space that would introduce PMF errors. To ensure our result are
reliable, the efficiency of the sampling along the CV orthogonal degrees of freedom
was controlled with the implementation of the flat-bottomed potential [196,202,203]
1
2
𝑉𝑓𝑏 (𝑞) = 𝑘𝑓𝑏 Θ[𝜌(𝑞) − 𝑅𝑓𝑏 ](𝜌(𝑞) − 𝑅𝑓𝑏 )
2

(4.1)

where q denotes the X or Y direction, ρ(q) the distance from the path along which the
US windows are distributed, kfb the harmonic force constant, Θ(q) ≡ 1 − Π(q) with
Π(q) the rectangular function, and Rfb the confinement radius. No constraint was
added in the X−Y plane in the present PMF calculations using the Z-coordinate as
CV, unless the methane molecule is close to the bulk solvent or the hydrate.
Therefore, as Vfb(q) is flat-bottomed, it has no effect when the methane molecule
travels through the interfacial layer. This bias only affects the overall offset of the
reconstructed FEP in the layer, but not its shape [203].
Upon completion of the US simulations, FEPs were calculated from the final 4 ns of
simulation time using the weighted histogram analysis method (WHAM) [123].
Statistical error analysis was conducted using the integrated Monte Carlo
bootstrapping framework [123], implemented in WHAM, using 100 resampling
trials.
To estimate the rate of the methane transport across the interfacial layer, the standard
scope of WT-metaD was extended considering the recent method developed by
Parrinello, Salvalaglio and Tiwary [204,205]. This technique has been applied to
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study transition rates in biological and chemical systems [190,206–211]. We denote
by τ the physical mean transition time for the methane to pass over the energy
barrier, and by τM the mean transition time obtained from the WT-metaD run. The
latter is linked to the physical mean transition time, τ, via the acceleration factor,

𝛼(𝑡) =

𝜏
= 〈𝑒 𝛽𝑉𝑏𝑖𝑎𝑠 (𝑠,𝑡) 〉𝑀
𝜏𝑀

(4.2)

where the angular brackets denote an average over a WT-metaD run confined to a
metastable basin, and Vbias(s, t) is the WT-metaD time-dependent bias defined in Eq.
(2.20). To avoid depositing bias in the transition state region, the time lag between
two successive Gaussian depositions in the WT-metaD framework is increased, τG =
400 ps [204,205]. It is confirmed that the statistics of transition times follows a
Poisson distribution, performing a two-sample Kolmogorov-Smirnov (KS) test. The
compliance to the KS-test allowed us to assess the reliability of the CV considered to
distinguish between the different metastable states within the US framework
[204,205] and to reconstruct accurately the PMFs.
4.4

Results

4.4.1

Interfacial structure

The molecular structure of the AA considered in this study is shown in Figure 4.1,
with R1 and R2 groups representing long and short tails in one AA, respectively. The
AA molecule headgroup includes both amide and tertiary ammonium cation groups.
Following the notation of in the previous Chapter, the AA are denoted as SXLY ,
where X = 4 (n-butyl) and Y = 12 (n-dodecyl) indicate the number of carbon atoms in
the short (S) and long (L) tail, respectively. The long AA tails become ordered,
almost perpendicular to the hydrate surface, when the surface coverage increases, as
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reported in our previous work. We consider a surface density ~ 0.67 molecule/nm2,
sufficiently high to yield a dense ordered film at the hydrate-hydrocarbon interface
and sufficiently low to allow interface regions with both low and high AA density.
To define unambiguously the spatial organization of the AA layer, the position of the
central nitrogen atom on each AA in Figure 4.2 was fixed using a restraint potential,
as implemented in GROMACS [171]. This additional numerical constraint does not
impact the analysis of the transport properties of the free methane molecule through
the AA layer as the AAs remain adsorbed at the hydrate-hydrocarbon interface
within the timeframe of our MD simulations. The initial configuration used in our
simulations is shown in Figure 4.2.

Figure 4.2. Initial configuration obtained after equilibration for an AA surface density of 0.67
molecules/nm2. Green spheres represent methane molecules in the sII methane hydrate. Grey lines
represent n-dodecane molecules, either in the bulk or trapped within the AA layer. The free methane
molecule is shown as a red sphere. Yellow, red, blue, white, and cyan spheres represent chloride ions,
and oxygen, nitrogen, hydrogen, and carbon atoms in AA molecules, respectively. We only show half
of the simulation box for clarity.

To characterize the thermodynamic and dynamical properties of the AA film
adsorbed at the interface between the flat sII methane hydrate and the hydrocarbon
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fluid, one must consider the non-isotropic distribution of the surfactant film at the
interface. This spatial distribution depends on the AA concentration [140], and yields
different pathways available to the passage of the free methane molecule. We
quantified the efficiency of the AA layer in limiting the transport of the methane
molecule with the identification of the minimal FE pathway. This analysis allowed us
to study the transport mechanisms at play when one free methane molecule travels
through the interface.
4.4.2

Identification of representative pathways

To identify representative pathways available to the methane molecule to cross the
AA film, WT-metaD simulations were run, as discussed previously. This approach
was necessary to handle the non-isotropic distribution of the AAs within the
interfacial layer. However, it did not prevent hysteresis effects caused by local
reorganization of the liquid hydrocarbons within the AA layer. This hysteresis effect
may occur when the bias potential becomes sufficiently high to expel hydrocarbon
molecules from the interfacial layer. To prevent this possible shortcoming, one
should consider an additional CV, accounting for the local behavior of the liquid
hydrocarbon molecules. This is well known, for instance, in biological docking
studies [209,212–214]. Computational limitations made unfeasible to consider an
additional CV in the present work.
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Figure 4.3. Bottom: free-energy profiles associated with three pathways obtained with the WT-metaD
framework. Top: the representative snapshots to illustrate the minimal, intermediate and maximal
scenarios are shown in panel (a), (b), and (c), respectively. Grey and blue lines represent n-dodecane
and AA molecules, respectively. In the snapshots, the free methane molecule is shown as a red sphere.
In panel (b), the AA short tail interacting with the methane molecule is coloured in orange. The x-axis
corresponds to the Z-Cartesian coordinate of methane expressed in reduced units, Z/Zbox, with Zbox
the size of the simulation box along the Z direction.

Instead, WT-metaD simulations were run to identify representative pathways. Figure
4.3

shows representative FEPs obtained within the WT-metaD framework, along with

the respective snapshots to illustrate the different scenarios. The pathways identified
occur in interfacial regions with different AA density. The minimal FEP corresponds
to the diffusion of the methane through an interfacial region made up of a large
cluster of hydrocarbons. These regions show a characteristic size ~ 20 ̊A in our
simulations, which is comparable to the molecular dimension of the dodecane
molecules (see Figure 4.3a). When hydrocarbons are confined in these narrow
regions, it is possible that the effective viscosity differs with respect to that in the
bulk [215]. The intermediate FEP corresponds to the diffusion of the methane along
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the edge of a hydrocarbon cluster to the surrounding AA molecules. As shown in
Figure 4.3b,

the methane molecule travels through the interfacial layer and eventually

interacts with the hydrophobic short tail of one AA, which can be parallel to the
interfacial layer. This specific orientation enhances the interaction between the short
tail and the methane molecule, stabilizing the system. This effect yields the inversion
of the thermodynamic stability of the system with respect to the global (Z/Zbox ~
0.27) and local (Z/Zbox ~ 0.36) minima observed along the minimal FEP. The
maximal FEP corresponds to the diffusion of methane through a locally dense AA
region, in which a few oil molecules are trapped within the AA layer (see Figure 4.3c).
Possibly because the AA molecules are rigid in these simulations, the transport of
methane across this region encounters a large FE barrier.
The FEP obtained within the metaD framework show the same qualitative behavior
as the FEP obtained within the ABMD/US framework, with quantitative differences
due to numerical artifacts. The remainder of this Chapter discusses the analysis on
the minimal FE pathway, which shows the lowest FE barriers for transport of
methane from the hydrocarbon to the hydrate (capture) and from the hydrate to the
hydrocarbon (escape). In the following detailed analysis below the US and ABMD
frameworks were implemented, as described previously. The minimal FEP would
provide the lowest boundary for time constants representative for methane transport
across the AA film.
4.4.3

Minimal free-energy pathway

4.4.3.1 Thermodynamic properties
Two different systems were compared: 1) the AA layer is kept fixed in position, as in
the case of the preliminary WT-metaD simulation, and 2) the AA layer is flexible,
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although the central nitrogen atom of each AA molecule remains fixed in position.
The former approach allows us to define unambiguously the Cartesian position of the
free methane molecule with respect to the AA layer. This steric constraint is
expected not to impact the global mechanism at play in the diffusion of methane
across the AA film, as observed in the experiments.

Figure 4.4. Free-energy the free methane molecule across the interfacial layer, obtained within the
2
US/ABMD framework. The AA surface density is ~ 0.67 molecules/nm . The x-axis corresponds to
the Z-Cartesian coordinate of methane expressed in reduced units, Z/Zbox, with Zbox the size of the
simulation box along the Z direction. We show the minimal free-energy pathways obtained when the
AA molecules are either frozen (red) or free (black). The activation energies associated with methane
capture and escape, ∆Fc and ∆Fr, are ~ 15.5 kJ/mol and ~ 7 kJ/mol, respectively.

In Figure 4.4, the FEPs associated to the minimal FE path as obtained in the two
approaches are compared. In both cases, the AA molecules induce the alignment and
rigidity of the oil molecules within the interface, as shown in Figure 4.2 and reported
in our previous work [140]. Freezing the AA molecules does not impact the location
of global and local minima, Z/Zbox = 0.27 and Z/Zbox = 0.36, respectively, and the FE
∆F0 ~ 8.5 kJ/mol. This was expected as these quantities correspond to AA-free
locations above and below the interfacial layer, which are not impacted by the AA
freezing. However, freezing the AA molecules yields an increase of the FE barriers,
𝑓𝑟𝑜𝑧𝑒𝑛

∆∆F ≡ ∆𝐹𝑐

𝑓𝑟𝑒𝑒

− ∆𝐹𝑐

~ 7.5 kJ/mol at the transition, Z/Zbox ~ 0.31. This
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difference highlights the interplay between the rigidity of the AA layer and the local
pliability of the oil molecules trapped within the interfacial layer.
4.4.3.2 Transport Mechanisms
Because the results obtained when the AA layer is flexible are more realistic, the
transport mechanism as observed within the US/ABMD framework was further
studied.

Figure 4.5. Sequence of simulation snapshots representing the transport mechanism of the methane
molecule (red sphere) along the minimal free-energy pathway across the flat interfacial layer
composed of a mixture of AA and dodecane (blue molecules). The bulk hydrocarbon phase and the sII
hydrate are not shown for clarity. The AAs layer is only shown in panel (a). The methane molecule
initially starts in the bulk hydrocarbon phase, above the AA layer (a). The methane molecule then
enters the interfacial layer through two oil molecules (b). As the methane goes further across the
interfacial layer, the oil molecules below the methane molecule bend, eventually forming a cage
surrounding the methane molecule (c). As the methane travels further down, one oil molecule forming
the gate starts pushing the methane molecule. At that stage, the system evolves between 2 states
corresponding to a closed or opened gate below the methane molecule (d). Eventually, the methane
molecule is driven underneath the AA layer (e).
Figure 4.5

shows representative snapshots extracted from the FEP. The free methane

molecule is initially in the bulk hydrocarbon phase, above the AA layer. When it
comes closer to the interface, it is first trapped in a local FE minimum (Z/Zbox ~
0.27). This minimum corresponds to a transition region between oil molecules
isotropically oriented in the bulk, and oil molecules parallel to the AA tails. The
methane molecule then enters the AA layer between two hydrocarbon molecules. As
the methane travels further across the interfacial layer, an energy barrier arises as the
oil molecules are displaced from the methane pathway. The transport proceeds until
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one oil molecule cannot be pushed further down (0.27  Z/Zbox  0.31). At these
conditions, the oil molecule being displaced bends, eventually forms a cage
surrounding the methane molecule (Z/Zbox ~ 0.31). This corresponds to the high
energy transition region in the FE landscape. From this point on, the hydrocarbon
forming the cage effectively contributes to actively pushing the methane towards the
hydrate. The system evolves between 2 states corresponding to a closed or opened
gate below the methane molecule (0.31  Z/Zbox  0.34). Once the methane molecule
overcomes this transition state, it is pushed down underneath the AA layer (Z/Zbox ~
0.35). The methane molecule then reaches the local minimum corresponding to the
water layer between the AA layer and the hydrate. This analysis does not explore
further transport through the water film.
4.4.3.3 Dynamical Properties
To estimate the transition rates along the FE pathway, the Kramers theory [216–220]
was considered. It is based on the inertial Langevin equation [221]

𝑚𝑞̈ = −

𝜕𝑉
− 𝑚𝛾𝑞̇ + 𝑅(𝑡)
𝜕𝑞

(4.3)

In Eq. (4.3), q represents the reaction coordinate, m is the reduced mass for the
reaction coordinate, γ is the friction coefficient, and V(q) is a PMF. R(t) is a random
force with zero mean that satisfies the fluctuation theorem [222]. In our case, Eq.
(4.3) is applied to the methane molecule, the reaction coordinate is the Z-Cartesian
coordinate, m represents the methane molecule mass, and V(q) is the PMF discussed
in Figure 4.4. The escaping/capture rates can be described within the Kramers theory
framework in terms of diffusion across a FE barrier of height ∆F, when the barrier
and local minima are modeled as parabolic potentials [220]:
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1
𝑉(𝑞) = 𝑉𝑇𝑆 − 𝑚𝜔2𝑇𝑆 (𝑞 − 𝑞𝑇𝑆 )2
2

(4.4)

The Kramers theory provides a physical derivation of the reaction rate constants in
terms of the shape of the energy profile. From intermediate to high friction regimes,
the reaction rate, k, is given as:

2
𝛾
1 𝜔𝑇𝑆
1 𝜔0 −∆𝐹/𝐾 𝑇
𝐵
√
𝑘=
(
+ 2 − )
𝑒
𝜔 𝑇𝑆
4 𝛾
2 2𝜋

(4.5)

where ω0 and ωTS represent the stiffness of the potential well and the barrier,
respectively, γ = 6πηR/m the friction coefficient, with η the effective viscosity, and
∆F the FE barrier. The left panel of Figure 4.6 shows the FEP fitted using harmonic
potentials at the local minimum and maximum. This yields ω0 ~ 100×1013 s−1 and
ωTS ~ 230×1013 s−1.

Figure 4.6. Fitting of the FEP within parabolic potentials to extract parameters for the Kramers theory
(left). Fitting yields ω0 ≈ 100 × 1013 s−1 and ωTS ≈ 230 × 1013 s−1. Representation of the external
potential (black dashed line) used in the calculation of the characteristic time scale for methane
capture (right).

One important parameter is the effective viscosity η. Because of confinement of the
liquid hydrocarbon at the interface, the effective viscosity is intrinsically different
from its bulk value [215] (~ 2 mPa.s at 277 K and 20 MPa). Singer and Pollock [215]
showed that the effective viscosity can increase by several orders of magnitude when
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dodecane molecules are confined in a space approaching the molecular dimension of
the liquid hydrocarbon. Eventually, they observed the divergence of the effective
viscosity. Considering η ~ 102 − 105 Pa.s [215], one obtains a lower boundary for the
friction coefficient, γ > 15 × 1018 s-1 >> ωTS, characteristic of the strong friction
regime of interest here. In this limit Eq.(4.5) simplifies to [220]

𝑘=

𝜔0 𝜔 𝑇𝑆 −∆𝐹/𝐾 𝑇
𝐵
𝑒
2𝜋𝛾

(4.6)

This approximation is often used to interpret, for instance, the time scale
characteristic for protein or DNA conformational dynamics [190,223]. Considering
the parameter values discussed previously, one obtains a characteristic time scale for
methane escape from the aqueous film near the hydrate to the hydrocarbon liquid
phase, across the AA film, τesc ~ 0.01 − 1 μs.
Building on the recent method of Parrinello, Salvalaglio, and Tiwary [204,205], the
metaD scope is extended to assess numerically τesc. The numerical result is indicated
(𝑛𝑢𝑚)

as 𝜏𝑒𝑠𝑐

in what follows. WT-metaD was performed using the Z-coordinate as CV

with the parameters reported in the Methods section. Fifty independent simulations
were run, considering initial configurations either in the basin at Z/Zbox ~ 0.36
(escape rate), or at Z/Zbox ~ 0.27 (capture rate). The simulation was stopped when the
system crossed the transition state region (Z/Zbox ϵ [0.31, 0.33]). To assess the
reliability of the choice of the CV for the US simulations, no bias potential was
found to be added to the transition state region during the WT-metaD simulations
(𝑛𝑢𝑚)

[205]. The statistics for 𝜏𝑒𝑠𝑐

conformed to a Poisson distribution with mean μ =

0.08 ± 0.02 μs and variance λ = 0.09 μs. The statistics obeys a two-sample KS test
with p-value equal to 0.52. This numerical result confirms the reliability of the
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choice of the Z-Cartesian coordinate as a collective variable in the US framework
and is comparable to the estimation derived from the Kramers theory with an
effective viscosity η ~ 104 Pa.s.
Finally the characteristic time scale for methane capture (from the hydrocarbon to the
hydrate surface) along the minimal FE path, τcap, was quantified. As shown in the
right panel of Figure 4.6 no confinement was present above the AA layer (Z/Zbox <
0.27). Thus the entropic effect would dominate, and the associated rate of capture
would tend to infinity. To correct for this, an external potential at Z/Zbox ~ 0.25 was
added, similar to the FE barrier observed for Z/Zbox ∈ [0.27, 0.31]. This external
potential would represent, for instance, a free methane molecule confined between
(𝑛𝑢𝑚)

two AA layers. The statistics of our numerical analysis for 𝜏𝑐𝑎𝑝

conformed to a

Poisson distribution with mean μ = 0.35 ± 0.15 μs and variance λ = 0.49 μs, and
followed a two-sample KS test with p-value equal to 0.51.
4.4.3.4 Intermediate free-energy pathway
To conclude this analysis, the intermediate path defined in Figure 4.3 was considered.
This path presents a similar FE barrier associated with methane capture, but a deeper
energy basin at Z/Zbox ~ 0.35 along with a higher FE barrier associated with methane
escape. The accurate FEP was reconstructed within the US/ABMD framework and
the respective values for ωTS ~ 100 × 1013 s−1 and ω0 ~ 130 × 1013 s−1 were obtained.
Considering Eq. (4.6) with the estimate of the effective viscosity obtained from the
accelerated MD simulations, η ~ 104 Pa.s, a characteristic time scale for methane
escape, τesc ~ 40 μs, was obtained. The estimated characteristic time scale for
methane capture was similar to the one obtained in correspondence of the minimal
path.
89

4.5

Conclusions

The extensive simulations discussed previously allowed for identification of three
possible pathways that a methane molecule can follow to diffuse from the
hydrocarbon phase to the hydrate structure across the interfacial film rich in AAs.
Analysis was focused on the pathway that showed the minimal FE barrier and from
which the FE profiles were quantified accurately using a combination of enhanced
sampling techniques. This allowed us to reveal the molecular mechanism responsible
for the FE barrier. By interpreting the FE profile within the Kramers theory, the time
constant that quantifies the escape rate of the methane across the AA film was
extracted. The result is consistent with estimations from a direct metaD estimate,
which supports the reliability of our approach.
We showed that the FE barrier comes from local flexibility of the liquid hydrocarbon
molecules within the AA film. The flexibility of the oil molecules is impacted by the
rigidity of the AA molecules. The results indicate that the interaction of the methane
molecule with the AA short tail can increase the stability of the system and invert its
thermodynamic stability. Increasing the AA surface density leads to an increase in
the height of the FE barrier, improving eventually the efficiency of the interfacial
layer in limiting the transport of methane.
The characteristic time obtained from this study can be compared with the
experimental growth rate of methane hydrate film at flat methane/water interface.
Sun et al. [224], and more recently Li and coworkers [151] reported growth
characteristic time τexp ~ 1 − 5 μs, depending on the degree of supercooling
considered in the experiments. This is one order of magnitude higher than the
escaping time obtained in our simulations for the minimal FE pathway, and one order
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of magnitude lower than the one obtained for the intermediate FE pathway. These
data suggest that ordering of the long AA tails observed for the AAs considered here
can provide effective barriers to methane transport. This ordering of the long AA
tails depends on the characteristic of the liquid hydrocarbon, as discussed in the
previous Chapter. Further, the results obtained here suggest that the short tails of the
AAs can be designed to enhance the stability of methane near the growing hydrate.
In addition, the presence of abundant methane molecules would lead to a different
diffusion mechanism across the AA film, where the competition between different
methane molecules should be considered.
The new physical insights discussed in this study could be useful for a variety of
applications. For instance, several research groups focus on the interplay between
design and performance of AAs at the microscopic scale. Accounting for the
collective effect of new AAs could allow us to infer their use in practical
applications, which addresses the current needs.
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Chapter 5. Anti-Agglomerants Affect Gas Hydrate Growth

The material presented in this section was published in 2018 in volume 9, pages of
3491-3496 of the Journal of the Physical Chemistry Letters.
5.1

Abstract

In gas clathrate hydrates, inclusion gas molecules stabilize crystalline water
structures. In addition to being fundamentally interesting, gas hydrates attract
significant practical attention because of their possible application in various hightech technologies. However, gas hydrates pose health, safety, and environmental
risks when they form within oil and gas pipelines, as well as within hydrocarbonproducing and treatment facilities. Among available strategies to control and
sometimes prevent hydrate plug formation is the use of surface-active lowmolecular-weight compounds, known as antiagglomerants (AAs). Antiagglomerants
prevent the agglomeration of small hydrate particles into large plugs. It is not clear
whether antiagglomerants promote or frustrate hydrate growth. We present two
molecular mechanisms by which antiagglomerants promote and frustrate,
respectively, hydrate growth. Our results could lead to innovative methodologies for
managing hydrates in high-tech applications, as well as for securing the safety of oil
and gas operations.
5.2

Introduction

Gas hydrates offer an untapped and potentially significant resource of energy [225]
and could help mitigate global warming through long-term CO2 storage [226].
However, gas hydrates can block pipelines, causing production disruption and
adverse environmental impact [9,227,228]. AAs, a class of LDHIs, are added in to
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the pipelines to prevent blockages due to hydrate formation. AAs, usually
surfactants, are expected to adsorb at water−oil and/or hydrate−oil interfaces [55].
AAs inhibit the hydrate agglomeration process [140,160,229,230], but it has been
suggested [231–233], yet not confirmed, that AAs could potentially affect the
hydrate growth process. Among others, Karaaslan et al. [233] reported experimental
data according to which cationic surfactants promote or delay hydrate growth,
depending on their concentration. The molecular mechanisms responsible for these
observations are not understood.
To identify and quantify such molecular mechanisms, classic MD simulations were
used to monitor the growth of a hydrate seed in the presence of selected AAs at a
fixed surface density of 0.44 molecules/nm2. Figure 5.1a shows a schematic for the
simulated system. The AA molecular features were systematically changed, focusing
on AAs that yield different performance in preventing hydrate agglomeration in
laboratory experiments [140]. One of the AAs chosen for the present work (S4)
shows good performance and one (S8) shows poor performance. Experimental data
are not available for the third AA (S1). The three AAs have one large hydrophilic
headgroup and three hydrophobic tail groups. The difference in performance is
apparently only due to the length of the short hydrophobic tail, highlighted in Figure
5.1.
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Figure 5.1. (a) Representative initial configuration for hydrate growth simulations. Green = methane,
orange = n-dodecane, blue = water in hydrate seed, red = free water, yellow = chloride ions, and cyan
and white spheres = AAs. (b) The molecular structure of AAs considered in this work contain two
long hydrophobic tails, R1 (n-dodecyl), and one short hydrophobic tail, R2. The long R1 tail is
composed of one n-dodecyl chain in the systems considered here, and the short R2 tail is composed of
linear hydrocarbon chains of one, four, or eight carbon atoms. In our notation, one AA molecule is
represented as SN, where N indicates the number of carbon atoms in the short (S) tail.

The AAs that show good performance have a short tail of four carbon atoms; those
with poor performance have eight carbon atoms. During the simulations, the growth
of the hydrate seed (Figure 5.1a) is monitored by quantifying the evolution of the F4
order parameter, as calculated for the water molecules in the system [234].
Additionally, the free-energy landscape as well as free-energy profiles experienced
during hydrate growth are analyzed by implementing the metaD framework [118]
and the UB algorithm [186], respectively. Several molecular-level properties during
the simulations are also monitored.
The results obtained here, for the first time, demonstrate that AAs affect the hydrate
growth process by means of their short alkyl tails and highlight the possible
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molecular mechanisms of action of these surface-active chemicals. Perhaps
surprisingly, our simulations reveal that those AAs showing good performance in
flow assurance can promote hydrate growth. They appear to do so by embedding
their short alkyl tails within the growing hydrate crystal. The embedded tails stabilize
the newly formed hydrate cages, which prevents adsorbed methane from escaping
the hydrate structure. Our simulations also show that hydrate growth can be hindered
by the AAs when the film of AAs formed at the water−hydrocarbon interface
provides an effective barrier to methane diffusion from the hydrocarbon phase to the
growing hydrate seed. The results obtained can have important implications in
understanding the mechanism responsible for the performance of AAs in flow
assurance. Additionally, the ability to promote hydrate growth could be exploited for
promoting gas hydrate formation to boost hightech applications, such as natural gas
storage [38,235,236] and seawater desalination [237,238], among others [27,239].
5.3

Simulation Methodology

MD simulations were performed using the GROMACS package [171], version 5.1.2.
Each simulated system contains a planar seed layer of sII methane hydrates with size
5.193 × 5.193 × 1.731 nm located in the middle of the simulation box. This hydrate
layer was constructed by replicating 3 × 3 × 1 times the hydrate unit cell adapted
from the study of Takeuchi et al. [240]. Two thin water films with thickness of ~2
nm were placed on both sides of the hydrate layer. The remainder of the simulation
box was filled with n-dodecane and methane at a molar ratio of 1:1, representing the
oil phase. AAs were arranged near two water-hydrocarbon interfaces at the surface
density of 0.44 molecules/nm2. The chloride counterions (Cl-) were placed next to
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the AA headgroups. The compositions of all simulated systems are summarized in
Table 5.1.
Table 5.1. Compositions of the simulated systems.

Systems

With
AAs
Without
AAs

Number
Number
of
of nmethane
dodecane molecules
molecules
in oil
phase

Number
of
methane
molecules
in
hydrate
seed

Number
of free
water
molecules

Number
of water
molecules
in
hydrate
seed

Number
of AAs

880

880

216

2448

1224

24

880

880

216

2448

1224

0

The TIP4P/Ice model [241] was implemented to simulate water. Methane and ndodecane were modeled using the united-atom version of the TraPPE-UA force field
[242]. Figure 5.1b shows the molecular structure of the AAs used in this study. AAs
were modeled using the general AMBER force field (GAFF) [99] with atomic
charges calculated with the AM1-BCC method, as implemented in antechamber from
the Amber 14 suite [243]. The chloride ions (Cl-) were modeled as charged LennardJones (LJ) spheres with the parameters from Dang, without polarizability [244].
To ensure no steric overlapping of molecules in the system, an energy minimization
simulation was conducted from the initial configurations to relax the structure using
the steepest descent method. Subsequently, NPT simulations were conducted at 277
K or 267 K and 20 MPa. The leapfrog algorithm with 2 fs time steps was used to
solve the equations of motion. For the first 5 ns, the Berendsen thermostat and
barostat were first implemented to efficiently scale simulation boxes at the beginning
of a simulation [245]. After 5 ns, the thermostat and barostat were switched to the
Nosé-Hoover and the Parrinello-Rahman, respectively, which are considered more
thermodynamically consistent algorithms [245]. The pressure coupling was only
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applied along the Z direction of the simulation box, which allowed us to maintain X
and Y dimensions constant and keep the same surface area for different systems. As
the simulation progresses the hydrate seed grows, leading to a reduction in the
potential energy of the system.
5.4

Results and Discussions

We first conducted simulations on systems without AAs. The gas hydrate growth is
quantified by analyzing the F4 structural order parameter [234] for water molecules,
which is defined as:
𝑛

1
F4 = ∑ 𝑐𝑜𝑠3∅𝑖
𝑛

(5.1)

1

In Eq. (5.1), ∅ is the H-O…O-H torsional angle and n is the number of oxygenoxygen pairs of water molecules within 0.34 nm (within the first hydration layer of
hydrate water) of a molecule considered. The hydrogen atoms used to calculate the
F4 structural order parameter are defined as the outermost hydrogen atoms in the
water dimer. The average values of F4 for water in hydrate and in liquid are
approximately 0.8 and -0.04, respectively. In this analysis, water molecules are
considered part of the hydrate structure when their F4 order parameter is higher than
0.65 which is based on the results presented in Figure 5.2 (left). Figure 5.2 (left) shows
the evolution of the water molecule distributions as a function of the F4 order
parameter for the simulated system shown schematically in Figure 5.1 when S4 AAs
are present and the system is simulated at 277 K. Two distinct peaks represent liquid
water and hydrate water, which are centered at around 0 and 0.8, respectively. Figure
5.2

(right) shows the distribution of the F4 order parameter along the Z direction of

the simulation box at different simulation times.
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Figure 5.2. Left: water molecule distribution as a function of the F4 order parameter at different
simulation times. Right: distribution of the F4 order parameter calculated for water molecules along
the Z direction of the simulation box at different simulation times.

Simulation snapshots representing the final configurations of the hydrate grown at
277 and 267 K (Figure 5.3a and Figure 5.3b, respectively), as well as quantitative
results in terms of the evolution of the ratio of water molecules in the hydrate
substrate over the total number of water molecules (Figure 5.3c) show that the hydrate
seed grows faster and that the water-to-hydrate conversion reaches higher values at
lower temperatures (almost 80% of the water available is converted to hydrate at 267
K vs only 50% at 277 K). It is worth noting that the three-phase equilibrium
conditions for methane hydrates using the TIP4P/ice model for water are ∼283 K at
10 MPa and ∼293 K at 40 MPa, both of which underestimate the experimental
melting temperatures by ∼3−4 K [246]. Therefore, the three-phase equilibrium
temperature corresponding to the pressure of 20 MPa in this study is expected to be
between 283 and 293 K. Thus, the conditions chosen in this study are well within the
gas hydrate stability zone and correspond to subcooled systems.
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Figure 5.3. (a), (b) Simulation snapshots representing final configurations of the hydrate growth at
277 K and 267 K, respectively. Note that the thin water film between the hydrate and the hydrocarbon
bath present at the beginning of the simulations (Figure 5.1) has been converted into hydrate. Green =
methane, orange = n-dodecane, blue = water in the initial hydrate seed, and red = water, some of
which becomes hydrates. (c) The growth of the hydrate as a function of time in terms of the ratio of
water molecules in the hydrate substrate to the total number of water molecules present in the systems.
Note that even at the end of the growth process, some water molecules are disordered at the hydratehydrocarbon interfaces.

The higher growth rate at lower temperature is consistent with experimental
observations, which show that such a rate is proportional to subcooling [247–249].
Our results show that some of the water molecules present in the simulated systems
remain disordered at the hydrate−hydrocarbon interface at the end of the growth
process. This is because of the presence of a “quasi-liquid” interfacial layer.
According to Aman et al. [174], the thickness of the quasi-liquid layer h depends on
temperature as

ℎ ∝ ln [

1
]
(𝑇0 − 𝑇)

(5.2)

In Eq. (5.2), T0 and T are the hydrate melting temperature and the system
temperature, respectively. From Eq. (5.2), it is expected that the lower the
temperature, the thinner the quasi-liquid layer becomes, which is consistent with the
results shown in Figure 5.3c.
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Figure 5.4. (a) Density profiles of methane along the Z direction of the simulation box in different
systems at the beginning of the hydrate growth simulations; (b) and (c) simulation snapshots
representing initial and final configurations, respectively, of the hydrate growth for the system with S 4
AAs at 267 K; (d) and (e) the evolution of the fraction of water molecules present in the system that
belong to the growing hydrates as a function of time at 277 K and 267 K, respectively. Different
curves in (d) and (e) represent results obtained using AAs with short tails of different lengths. Figure
5.1b shows the AA molecular structure details.

Simulations similar to those described in Figure 5.3 were conducted for systems in the
presence of AAs. Figure 5.4 shows the results obtained. Compared to the system
without AAs, at 277 K the presence of AAs lowers the hydrate growth rate in the
early stage of the simulations (t < 1 s) at 277 K (Figure 5.4d). Our results suggest
that these results are due to the fact that in the system without AAs methane
accumulates at the water−oil interfaces (Figure 5.4a and Figure 5.5).
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Figure 5.5. (a), (b), (c), and (d) Density profiles for methane along the Z direction of the simulation
box after 1 s, 2 s, 3 s, and 4 s, respectively, for different systems at 277 K; (e) density profiles
for methane along the Z direction of the simulation box after 2 s for different systems at 267 K.

The availability of methane in relatively large concentrations near the growing
hydrate seed provides a relatively high driving force for hydrate growth [9,250]. Our
results suggest that the concentration of methane near the center of the water film
near the growing hydrate does not depend on the AAs. As the observation time
increases to 1 < t < 2.2 s our results show that the growth rate plateaus. We observe
that S4 AAs promote faster hydrate growth compared to S1 and S8 AAs. The amount
of water converted to hydrate at the end of the simulations increases in the order S4
AAs > S8 AAs ~ no AAs > S1 AAs. From these results, it appears that S4 AAs
promote hydrate growth, perhaps by stabilizing the hydrate structure. To clarify this
possibility, additional simulations at 300 K were conducted. In these simulations, the
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methane hydrates obtained at the end of the growth simulations at 277 K are allowed
to dissociate. Figure 5.6 shows the evolution of the fraction of water molecules in the
system that belong to the hydrate substrate (F4 > 0.65) as a function of time in the
systems with and without AAs during the hydrate melting at 300 K (left). The initial
configurations for these simulations were taken from the final configurations of the
hydrate growth at 277 K. We also show density profiles of methane along the Z
direction of the simulation box when 20% of the water is in the form of hydrates for
the systems considered (right). Our results in Figure 5.6 indicate that the dissociation
process is the slowest in the presence of S4 AAs. We conclude that S4 AAs can
stabilize the hydrate structure, thus yielding higher growth rates and delaying hydrate
melting compared to S1 and S8.

Figure 5.6. Left: the evolution of the fraction of water molecules present in the system that belong to
the hydrate substrate (F4 > 0.65) as a function of time during the dissociation process. Simulations
were conducted at 300 K. Different curves represent results obtained using AAs with short tails of
different lengths. Right: density profiles of methane along the Z direction of the simulation box when
20% of the water is in the form of hydrates for the four curves considered.

Compared to the results obtained at 277 K, the growth rates at 267 K are higher for
all systems (Figure 5.4e). For the most part, the trends discussed for 277 K hold for
the 267 K simulations. The exception is the system with S1 AAs, in which case the
simulations show the formation of an ordered, highly packed AA film at the
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water−oil interface (Figure 5.7) at the early stages of the simulations (at ~500 ns). The
formation of these ordered AA layers is temperature-dependent [144–146]. The
molecular structure of this AA film is similar to that discussed previously [140]. We
expect these ordered interfacial AA films to delay the transport of methane from the
hydrocarbon phase to the aqueous film near the growing hydrate, perhaps affecting
hydrate growth, as suggested by the results shown in Figure 5.4.

Figure 5.7. Representative simulation snapshot obtained at 267 K in the presence of S 1 AAs. The
color code is described in Figure 5.1.

Our results confirm that S4 AAs promote faster hydrate growth compared to S1 and
S8 AAs at the early stages of growth (less than ∼1.5 μs) even at 267 K. However,
because of the formation of the ordered AA layer at the interface (Figure 5.4c) the
final water conversion to hydrates in the presence of S4 is lower compared to that
obtained in the presence of S8 AAs.
The results discussed so far suggest that S4 AAs promote hydrate growth. Because
the only difference among the three AAs considered here is the length of the short
tails, it is possible that the n-butyl short tail interacts with the growing hydrate.
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Visual inspection of simulation snapshots, such as those shown in Figure 5.4c, reveals
that indeed several n-butyl short tails penetrate the hydrate cages as the hydrates
grow. Two fundamental questions stem from this qualitative observation: (1) why do
the butyl tails penetrate the hydrate cages and (2) how are such molecular
phenomena connected with the observed differences in hydrate growth rates.
To address the first question, WT-metaD simulations [118] were conducted at 277 K
in a canonical ensemble (NVT). This protocol allows us to estimate the free-energy
landscape sampled by the methyl group of one n-butyl short tail as it shifts from one
location to another near or within the growing hydrate. Additionally, this analysis
allows us to identify the equilibrium state. The initial configuration for the WTmetaD simulations was taken from the final configuration of the equilibration
simulation at 277 K. One AA molecule whose n-butyl tail penetrates the hydrate was
selected [Figure 5.8 (top right)]. Those methane molecules within 1 nm of the methyl
group of the n-butyl tail were then tagged. Two collective variables (CVs) were
chosen: (1) the Z position of the methyl group and (2) the number of tagged methane
molecules that belong to the hydrate structure and are found within 1 nm of the
methyl group and therefore coordinated with the n-butyl tail. CV1 allows us to
monitor the position of the methyl group of the n-butyl tail with respect to the
growing hydrate surface along the Z direction. CV2 allows us to monitor when the
methyl group moves away from its position inside of the hydrate cage
(correspondingly, CV2 reduces from 10 to 0). A Gaussian with height 𝑊 =
𝑊0 𝑒 −𝑉(𝑠,𝑡)/(𝑏−1)𝑇 is deposited on CV1 every 10 ps, where s is the CV, 𝑊0 = 2.5
kJ/mol is the initial Gaussian height, and T is the temperature of the simulation. As
time progresses, the bias potential 𝑉(𝑠, 𝑡) is calculated in Eq. (2.20) with the bias
factor b = 30, the Gaussian width  = 0.05 in units of CV1. The Gaussian width
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determines the resolution of the calculated energy landscape. It was set less than half
of the standard deviation of the CV observed during unbiased equilibrium MD
simulations. During the WT-metaD simulations, methane molecules and the tertiary
ammonium cations were maintained at fixed positions to ensure that the
configuration of the system (i.e. the hydrate structure) was not affected by the added
bias potential. To handle the interaction mechanism of the methyl group with the
hydrate cage, the free-energy landscape along the two CVs were reconstructed using
the reweighting technique of Bonomi et al. [251]. Figure 5.8 (bottom) shows the
resultant free-energy landscape. The WT-metaD simulations are run until the freeenergy difference between two basins does not change more than 2 kBT in the last
100 ns (discussed below). Biased simulations were performed using GROMACS
package [171], version 5.1.2 integrated with PLUMED [119], version 2.3b.
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Figure 5.8. Bottom: two dimensional (2D) free-energy landscape as a function of the Z coordinate of
the methyl group (CV1) and of the coordination number of methane molecules around the methyl
group of S4 AA short tails (CV2). Top: from left to right, configurations of the system correspondent
to the first free-energy basin, the transition state, and the second free-energy basin, respectively. The
activation energies for incorporation and release of the methyl group into/from the hydrate cage are
~43.3 kJ/mol (18.8 kBT) and ~40.2 kJ/mol (17.5 kBT), respectively.

Two free-energy basins are identified, corresponding to two favorable occupation
positions for the methyl group. The first basin (CV1, ∼7 nm; CV2, ∼1) corresponds
to a configuration in which the methyl group is in the oil phase [ Figure 5.8 (top left)].
The second free-energy basin (CV1, ∼7.8 nm; CV2, ∼10) corresponds to a
configuration in which the methyl group has penetrated the hydrate structure [ Figure
5.8

(top right)]. The free-energy difference between the first and the second basins

̅̅̅̅ ~ 3.4±1.4 kJ/mol) (see Figure 5.9) confirms that the n-butyl tails of S4 AAs
(∆𝐹
favorably integrate with the growing hydrate substrate. The average free-energy
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difference was calculated as the weighted time average of the free-energy difference,
similarly to Berteotti et al. [252]
̅̅̅̅ =
∆𝐹

𝑆𝑖𝑚𝑢𝑙
∑𝑖=𝑇
𝑤𝑖 ∆𝐹𝑖
𝑖=0
𝑆𝑖𝑚𝑢𝑙
∑𝑖=𝑇
𝑤𝑖
𝑖=0

(5.3)

In Eq. (5.3) ∆𝐹𝑖 is the free-energy difference between two basins at time t, 𝑇𝑆𝑖𝑚𝑢𝑙 is
the total simulation time, and wi ∝ t is the weight of the free-energy difference at
time t. The uncertainty was calculated as the standard deviation on the weighted
average free-energy difference.

Figure 5.9. Free-energy difference (F) between the first and second free-energy basins as a function
of time during the course of the WT-metaD simulations.

With the aid of molecular distributions and molecular structures for both water and
methane molecules surrounding the alkyl tails (see Figure 5.10 for radial distribution
functions of water and methane molecules around the alkyl tails of AAs and Figure
5.11

for the distributions of the F4 order parameter calculated for water molecules

within the first hydration layer of the methyl group of the S1 and of the short tails of
S4 AAs), we concluded that the incorporation of the butyl tails of S4 AAs into the
hydrate does not perturb the hydrate structure. Instead, the n-butyl tails behave like
guest methane molecules in the unperturbed hydrate (hydrate water near S4 AA short
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tails is ordered). On the contrary, the methyl tails of S1 AAs, which are short and
connected directly to the bulky hydrophilic headgroup, perturb the hydrate structure
(hydration water near S1 short tails remains liquid during the entire simulation time).
S8 AAs show moderate effects on the hydrate growth because the relatively long
alkyl tails of S8 AAs preferentially interact with the oil rather than the water
molecules. On the basis of previous investigations [160] and consistent with the
proposed interpretation of experimental results, we suggest that when the short AA
tails penetrate and stabilize the growing hydrate crystal the AAs firmly attach to the
hydrate surface, which should interfere with and prevent subsequent agglomeration
processes.

Figure 5.10. Left: RDFs between water oxygen atoms and the methyl groups of S1 AAs (red curve),
the methyl groups of S4 AA short tails (blue curve), and methane molecules in hydrates (black curve).
Right: RDFs between methane molecules and methyl groups of S1 AAs (red curve), the methyl groups
of S4 AA short tails (blue curve), and methane molecules in hydrates (black curve).
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Figure 5.11. (a), (b) Distributions of the F4 order parameter for water molecules around the methyl
group of the S1 and the methyl group of S4 AA short tails, respectively, at different simulation times;
(c) distribution of the F4 order parameter calculated for water molecules around the methyl groups of
the S1 short tail and four carbon atoms in the n-butyl groups of S4 AAs (C4 represents methyl group,
while C3, C2, and C1 represent methylene groups) at the end of the hydrate growth simulations at 277
K.

To quantify how the interaction of the AA tails with the hydrates relates to the
observed growth rates, the UB algorithm [115,253] was implemented to calculate the
PMF profiles experienced by one methane molecule moving from the growing
hydrate surface to the bulk alkane phase. To obtain the initial configurations for the
simulations, the configuration at 1460 ns was extracted from the trajectory of the
hydrate growth simulation at 277 K in the presence of S4 AAs. Then, one methane
molecule at the outermost layer of the hydrate substrate was tagged. Two systems
were chosen to investigate the role of the n-butyl tails. In the first system, the tagged
methane molecule is the one next to an n-butyl tail penetrating the hydrate substrate.
In the second system, the tagged methane molecule identified in the former system
was used; however, the adjacent n-butyl tail was removed. The tagged methane
molecule was allowed to oscillate around given Z positions along a straight trajectory
perpendicular to the hydrate surface using harmonic springs with a force constant of
1000 kJ/(mol.nm2), whereas the movements in the X and Y directions were not
allowed. The n-butyl tails were restrained in three dimensions. The PMF profiles
were calculated as a function of the Z distance between the tagged and a reference
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methane molecule in the hydrate substrate. Details regarding the algorithm are
described elsewhere [186]. Forty independent NVT simulations (windows) were
conducted for each PMF profile, with two adjacent windows separated by 0.5 Å.
Each simulation was run for 5 ns. The PMF profiles were reconstructed
implementing the weighted histogram analysis method (WHAM) technique [254]
with the data obtained from the last 4 ns. Please refer to the Appendix B for the
convergence of the PMF profiles. Errors are estimated from bootstrap analysis
implemented in GROMACS [254]. Figure 5.12 shows a schematic of these two
systems.

Figure 5.12. Initial configurations for the umbrella sampling simulations conducted for the system
with S4 AAs. Left: one S4 AA (cyan and white spheres) whose n-butyl tail had penetrated the hydrate
cages next to the tagged methane molecule (purple sphere). Right: the AA whose n-butyl tail next to
the tagged methane molecule was removed. n-Dodecane molecules are not shown for clarity. The
remaining AAs are shown in grey.

The results of these calculations are shown in Figure 5.13. It is worth noting that the
hydrate growth process is somewhat stochastic (see Figure 5.4d) because of the
competitive effects between the adsorption and desorption of methane at the hydrate
growing interfaces. For example, once the methane molecules have approached the
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hydrate surface, they can diffuse back to the bulk water and perhaps to the alkane
phase

Figure 5.13. PMF profiles obtained for the tagged methane molecule as it travels from the surface of
the growing hydrate to the bulk alkane phase for a system with the tagged methane molecule next to a
butyl tail penetrating the hydrate substrate (left) and for a system when the n-butyl tails next to the
methane molecule are removed (right). Error bars are estimated from bootstrap analysis implemented
in GROMACS [254].

The results in Figure 5.13 show that the presence of the n-butyl tail next to the tagged
methane molecule noticeably increases the depth of the free-energy basin (ΔE0 ~
−7.1 ± 1.6 kJ/mol) near the growing hydrate surface, which is expected to favor
hydrate growth. The energy barrier for desorption of methane from the hydrate
surface, ΔE0 + ΔE1, highlighted in Figure 5.13, decreases from ∼19.4 ± 0.6 kJ/mol
near the n-butyl tail to ∼12.5 ± 0.8 kJ/mol in the absence of it. These results suggest
that it is more difficult for methane molecules to desorb from the growing hydrate
surface in the presence of the n-butyl tails. This could lead to faster growth rates in
the presence of S4 AAs.
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5.5

Conclusions

Atomistic MD simulations were employed to quantify the hydrate growth of methane
hydrates in the presence of surfactants used as AAs. The AA molecules considered
here contain amide and tertiary ammonium cation groups and have two n-dodecyl
tails and one short alkyl tail. The length of the short tail strongly affects the
performance of these AAs, according to experimental laboratory observations
reported elsewhere [140]. Our molecular simulations were analyzed in terms of the
evolution of the ratio of water in hydrate to total water, free-energy landscapes, the
structure of water and methane around the short alkyl tails, and potential of mean
forces. Surprisingly, it is determined that the adsorption of AAs at the water−oil
interface can affect the hydrate growth, according to two different mechanisms. As
an inhibition effect, AAs can reduce the concentration of methane at the interface,
which lowers the driving force for hydrate growth. This effect is more pronounced
when the interfacial AA layers become highly ordered and packed. As a growth
enhancement effect, AAs with short n-butyl tails can stabilize cages near the growing
hydrate. The results reported here are crucial for quantifying the hydrate growth
mechanism in the presence of AAs, which could be exploited for designing new
active compounds with hydrate-promoting or hydrate-inhibiting characters for
different applications. However, hydrate growth in the presence of AAs is strongly
dependent on temperature. The simulations conducted here were for subcooled
systems. Should the temperature be increased, methane solubility in water decreases
and the self-assembly of AAs at the water−hydrocarbon interface yields less ordered
structures. Should the temperature be decreased, molecular diffusion slows down,
and it is possible that both hydrocarbons and surfactants undergo phase transitions.
All of these phenomena, and potentially others, affect the hydrate growth rate.
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Chapter 6. Synergistic and Antagonistic Effects of Aromatics on the
Agglomeration of Gas Hydrates

The material presented in this section is in preparation for publication.

6.1

Abstract

Surfactants are often used to stabilize aqueous dispersions. For example, in flow
assurance applications, surfactants can be used to prevent hydrate particles from
forming large plugs that can clog, and sometimes rupture the pipeline. However,
changes in system conditions such as oil composition, water, and salt content,
dramatically affect the performance of such surfactants. In this work we demonstrate
that aromatic compounds, dissolved in the hydrocarbon phase, can have both
synergistic and antagonistic effects with respect to surfactants developed with the
sole purpose of preventing hydrate agglomerations. While benzene and other
monocyclic aromatics were found to be able to disrupt the structure of surfactant
films at hydrate-oil interfaces, polycyclic aromatics can in some cases induce order
and stabilize the surfactant films. Based on our simulation results, polycyclic
aromatics could enhance the performance of the specific surfactants considered here,
while monocyclic aromatics are expected to negatively affect it. The results,
explained in terms of molecular features, could be valuable for better understanding
synergistic and antagonistic effects relevant for the stabilization of aqueous
dispersions used in many applications, ranging from foodstuff to processing of
nanomaterials and advanced manufacturing.
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6.2

Introduction

Dispersions are found in a variety of applications, from foodstuff to minerals
processing, from biotechnology to nanotechnology, from 3D printing to advanced
manufacturing. One relevant application in the energy sector concerns flow
assurance. In oil and gas pipelines, the simultaneous presence of natural gas and
water can lead to the formation of hydrate plugs, which could clog, and sometimes
rupture the pipeline. In addition, gas hydrates can form in many offshore energy
processes [37]. The unintended formation of hydrate plugs can cause disruptions in
oil and gas production, as well as large negative environmental consequences
[37,255,256]. Among other approaches to manage gas hydrates is the stabilization of
hydrate particles in hydrocarbon dispersions. Specifically designed surfactants,
known as anti-agglomerants (AAs), are optimized to prevent hydrate plug formation
in flow assurance [55,257]. AAs are believed to adsorb on hydrate particles by their
hydrophilic headgroups. The AA tails, hydrophobic, are expected to point towards
the hydrocarbon phase. The hydrate particles, as well as water droplets, are expected
to be covered by a film of AAs and oil, making them repel each other and disperse
[55,140,160,161,258]. This rich system offers an ideal platform to test our
fundamental understanding regarding the stabilization of dispersions using
surfactants. In fact, laboratory and field observations alike show that many
phenomena determine the AAs’ performance. Small changes in the molecular
structure of the surfactants, changes in salt content, and in gas/oil and in water/oil
ratios can strongly affect the ability of surfactants to prevent hydrate plugs formation.
Of particular interest is the fact that the performance of AAs also depends on the type
of oil. Crude oil consists of many different components, including light ones such as
alkanes, and heavy ones such as asphaltenes and resins. Some crude oils show
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excellent anti-agglomeration performance without AAs [259–262]. It has been
suggested that polycyclic aromatic compounds can act as natural AAs [262,263].
Others report that carboxylic acid–based compounds can behave as natural AAs
[260,264,265]. The chemical structure of natural AAs is unknown, as are the
mechanisms of action of such compounds. Considering other production,
transportation and oil treatment processes, it has been shown that the stability of
water-in-oil (W/O) emulsions is dependent on the rigidity of the interfacial film,
which is in some cases composed mainly of asphaltenes, resins, and fatty acids [266–
270]. Different oil components, as well as additives affect the interfacial film, hence
the emulsion stability. For instance, low-molecular-weight aromatics and their
surface-active derivatives have been found to destabilize W/O emulsions when
asphaltenes are present [271–273]. It has also been reported that, depending on
resin/asphaltene ratios, the W/O emulsion stability can be enhanced or reduced by
low-molecular-weight aromatics [271,274]. Understanding the mechanisms and
factors responsible for the stabilization of W/O emulsion in the presence of aromatics
appears to be crucial for securing technological advancements in these sectors.
In the present work classic MD simulations were employed to quantify how selected
aromatic compounds could act as natural AAs, as well as how they might affect the
performance of synthetic AAs. Five different monocyclic and polycyclic aromatic
compounds were considered: benzene, toluene, p-xylene, naphthalene, and pyrene.
We analyse their behavior at the hydrate-oil interfaces, in terms of density profiles,
preferential orientation, etc. As synthetic AAs, a compound, recently developed,
which has shown good laboratory performance in preventing hydrate formation in
light oils [140] was chosen. We quantified how the AA film at the hydrate-oil
interface is affected by the presence of the aromatics. While some aromatics disrupt
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the AAs film, others synergistically integrate with it. The effects of aromatics on the
AAs performance were quantified by estimating the free energy profiles experienced
by two hydrate substrates as they approach each other. Effective repulsive
interactions are assumed to positively correlate with the stability of hydrate
dispersions. Those aromatics that enhanced the order of AA film were found to
promote stronger hydrate-hydrate repulsions, while those that negatively affected AA
films’ order decreased the effective repulsion between two approaching hydrates.
These results could help design AA formulations that are effective in various crude
oils, could provide important evidence to explain the performance of asphaltenes in
preventing gas hydrate agglomeration, and could also help the community further the
fundamental understanding of the diverse mechanisms that are responsible for the
stabilization of dispersions.
6.3

Simulation Methodology

MD simulations were performed using the GROMACS package [171], version 5.1.2.
One representative orthorhombic simulation box is shown in Figure 6.1a. To construct
the initial configurations, the procedure described in our previous study [275] was
followed. Each simulated system contains a sII methane hydrate substrate of size
5.193 x 5.193 x 3.462 nm. The hydrate substrate was constructed by replicating the
hydrate unit-cell adopted from Takeuchi et al. [240] 3x3x2 times along X, Y, and Z
directions, respectively. On top of the hydrate, along the Z direction, a thin water
film was deposited ( ~ 0.5 nm in thickness) resembling the quasi-liquid layer
expected on gas hydrate surfaces [174].
The hydrocarbon phase consists of n-dodecane, methane, and aromatic compounds.
Five aromatic compounds (the molecular structure shown in Figure 6.1b) were

116

simulated: benzene, toluene, p-xylene, naphthalene, and pyrene. AAs with the
molecular structure shown in Figure 6.1c were inserted at the water-hydrocarbon
interface. The compositions of the simulated systems are summarized in Table 6.1. In
this study the mass fractions of benzene, toluene, p-xylene, naphthalene and pyrene
in hydrocarbon phase are 16.0%, 18.3%, 20.6%, 23.8% and 18.8%, respectively. In
crude oils the mass fraction of aromatics varies wildly, from 3% to more than 30%
[276–278]. It is worth noting that the aromatics remain well dispersed in the bulk oil
phase in the simulations without gas hydrates and water (temperature, pressure, and
composition constant). This indicates that the concentrations of aromatics used here
are within the solubility limit at the thermodynamic conditions simulated.
Table 6.1. Compositions of simulated systems

System

Number
of ndodecane
molecules

Total
number
of
methane
molecules

No AAs

880

1312

0.44
molecules/nm2
of AAs

880

1312

0.89
molecules/nm2
of AAs

880

1312

Number of
aromatics
400 for
monocyclic
aromatics
and
naphthalene;
200 for
pyrene
400 for
monocyclic
aromatics
and
naphthalene;
200 for
pyrene
400 for
monocyclic
aromatics
and
naphthalene;
200 for
pyrene
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Number
of water
Number
molecules
of free
Number
in
water
of AAs
hydrate molecules
substrate

2448

900

0

2448

900

12

2448

900

24

The TIP4P/Ice model [241] was implemented to simulate water molecules. Methane
and n-dodecane were represented within the united-atom version of the TraPPE-UA
force field [91]. Aromatics and AAs were modeled by implementing the General
Amber Force Field (GAFF) [99]. Atomic charges in AAs and aromatics were
calculated with the AM1-BCC method employed in Antechamber from the Amber
14 suite [243]. The system was maintained electrically neutral by adding chloride
ions (Cl-), which were modeled as charged Lennard-Jones spheres with the potential
parameters taken from Dang, without polarizability [244].
A canonical ensemble simulation (NVT) was conducted for 1 ns to relax the initial
configuration (the hydrate layer was kept frozen) at 277 K. Subsequently, NPT
simulations were conducted at 277 K and 20 MPa. For the first 5 ns, the Berendsen
thermostat and barostat were implemented to efficiently scale simulation box
temperature and volumes. After 5 ns, thermostat and barostat were switched to NoséHoover and Parrinello-Rahman, respectively. The pressure coupling was only
applied along the Z direction of the simulation box, which allowed us to maintain X
and Y dimensions constant, and keep the same surface area for different systems.
Each simulation was conducted for more than 100 ns for the systems without AAs, or
at 0.44 molecules/nm2 of AAs in the presence of monocyclic aromatics and
naphthalene; more than 200 ns were simulated for the systems at 0.89 molecules/nm 2
of AAs, as well as for those in the presence of pyrene. The simulations were
considered equilibrated when and the density profiles of aromatics and the potential
energy of the system converged.
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Figure 6.1. (a) Representative simulation snapshot. Red = aromatics, green = methane, orange = ndodecane, blue = water, yellow = chloride ions, and cyan and white spheres = AAs. (b) The molecular
structure of five aromatic compounds considered in this work. (c) The molecular structure of the AAs
considered, which contain two long hydrophobic tails, R1, and one short hydrophobic tail, R2. R1 is
composed of one n-dodecyl chain, and R2 of linear hydrocarbon chains of four carbon atoms.

6.4

Results and Discussion

6.4.1

Density profiles

The performance of surfactants in stabilizing dispersions is predicated on their abilty
to accumulate at solid-fluid interfaces, yielding a repulsive barrier because of steric,
electrostatic, and/or dispersive interactions [279,280]. Thus it is important to quantify
the ability of the various compounds considered here to accumulate at the hydratehydrocarbon interface.
In Figure 6.2, from left to right, the results are shown in terms of density profiles
along the Z direction of the simulation box (perpendicular to the hydrate surface) for
aromatics (top panels) and methane (middle and bottom panels). The methane
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density profiles are shown in systems without AAs, as well as in systems with AAs
at 0.44 molecules/nm2, and 0.89 molecules/nm2 (from left to right, respectively). The
results show that all the aromatics considered here preferentially accumulate at
hydrate-oil interfaces (Z ~ 3 nm). Some of the density profiles are not symmetric
with respect to the hydrate substrate. This is because once aromatics adsorb at the
interface, they hardly diffuse back to the bulk hydrocarbons within the simulation
times probed here. Adsorption seems governed by the number of aromatic rings in
the compounds. Polycyclic aromatics show stronger adsorption compared to
monocyclic ones, as indicated by the height of the density peaks. The density of the
first density peak, which represents adsorbed compounds at the interface, decreases
in the order: pyrene > naphthalene > p-xylene > toluene ~ benzene.
When the AA film is present, the density of adsorbed aromatics decreases. The
results show that monocyclic aromatics are much less adsorbed than polycyclic ones.
This is particularly evident when the AAs are at high surface density, at which
conditions monocyclic aromatics are almost excluded from the interfacial regions
(see the right panel of Figure 6.2). For completeness, it should be remembered that at
these high surface densities, AAs yield a well-ordered film when aromatics are not
present [140]. In Figure 6.3 simulation snapshots are reported to illustrate the systems
just discussed.
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Figure 6.2. Density profiles of aromatics (top) and methane (middle), along the Z direction of the
simulation box in systems without AAs (left), with 0.44 molecule/nm2 of AAs (middle), and with 0.89
molecules/nm2 of AAs (right). The zoom-in density profiles of methane near the hydrate/oil interfaces
(bottom panels) were calculated by averaging the density of methane on both sides of the hydrate
substrate.

The density profiles of methane along the Z direction of the simulation box, which is
perpendicular to the hydrate substrate, were also calculated. The results are presented
in the middle and bottom panels of Figure 6.2. The presence of aromatics lowers the
concentration of methane near the interfaces. Comparing the results obtained in the
presence of monocyclic and polycyclic aromatics, it is found that more methane is
excluded from the interfaces when polycyclic aromatics are present. This could be
because polycyclic aromatics yield better packing than monocyclic ones at the
interface. The lower concentration of methane at the interface in the presence of
aromatic compounds is expected to reduce the hydrate growth rate [161], which is
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consistent with the experimental data obtained for the effects of asphaltenes and
resins [281]. When AAs are present at low surface density, fewer methane molecules
are present at the interfaces compared to results obtained when no AAs are present.
This is consistent with our previous study [140]. At high AA density (right panel of
Figure 6.2),

the methane exclusion from the interfacial region is due to the formation

of an ordered interfacial layer. Our results show that monocyclic aromatics are also
excluded from the interfaces, whereas polycyclic aromatics are found within the
interfacial films. Consistent with these observations, the results show that methane is
excluded from the interfaces when monocyclic aromatics are present, but it can
penetrate the films when polycyclic aromatics are present.

Figure 6.3. Representative simulation snapshots of the simulated systems in the presence of benzene
(left), naphthalene (middle), and pyrene (right) at different surface densities of AAs: without AAs
(top), 0.44 molecules/nm2 of AAs (middle), and 0.89 molecules/nm2 of AAs (bottom), respectively.
The color code is described in Figure 6.1.
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6.4.2

Adsorption of aromatics at oil-hydrate interfaces

Independent bulk simulations (not reported here for brevity) confirmed that the
aromatic compounds considered here were fully mixed in the hydrocarbon systems at
the thermodynamic conditions tested in our simulations. Yet, the results discussed
above suggest strong segregation of these compounds at the hydrate-hydrocarbon
interface. What is the driving force for such strong segregation? The results above
also suggest a competition between AAs and aromatics for adsorption at the
interface, which depends on the size of the aromatics. What are the driving forces for
this competition?
To answer the first question, free energy profiles in the form of PMF were computed.
Then internal energetic and entropic contributions were differentiated. The UB
algorithm was implemented to calculate PMFs for one benzene/pyrene molecule as it
adsorbs from the bulk hydrocarbon phase on the hydrate substrate. The simulations
were conducted at 257 K and 277 K with one aromatic molecule and no AAs.
Benzene and pyrene were allowed to oscillate around a constrained Z position, to
which they were tethered by harmonic springs of elastic constant 1000 kJ/(mol.nm2).
Details on the algorithm are described elsewhere [171]. In each sampling window, a
production run of 10 ns was conducted in the NVT ensemble. The PMF profiles were
reconstructed implementing the WHAM algorithm [254]. Error bars were estimated
via the bootstrap analysis, as implemented in GROMACS [254]. From the PMFs
obtained at two temperatures the entropic contribution to the free energy profile was
extracted via:

∆𝑆 = −

∆𝐹𝜉,𝑇+∆𝑇 − ∆𝐹𝜉,𝑇
𝜕∆𝐹
≈−
𝜕𝑇
∆𝑇

123

(6.1)

In Eq. (6.1) F is the Helmholtz free energy, i.e., PMF, T is the temperature, 𝜉 is the
reaction coordinate, and ∆𝑇 = 20𝐾 is the temperature difference. The internal
energetic contribution to the PMFs was calculated as ∆𝑈(𝜉) = ∆𝐹(𝜉) + 𝑇∆𝑆(𝜉).
This approach has been used widely and successfully [282–284]. The results
obtained are presented in Figure 6.4.

Figure 6.4. Left: PMF profiles for benzene (top) and pyrene (bottom) adsorption in the systems
without AAs (black and red curves) and at high surface density of AAs (blue curves); right: entropic
and internal energetic contributions for benzene (top) and pyrene (bottom) adsorption on the hydrate
substrate when AAs are not present. The PMF was constructed as a function of the distance between
the center of mass of the benzene/pyrene molecule and that of the hydrate substrate.

The PMF profiles obtained for benzene and pyrene in the absence of AAs show no
free energy barrier to the adsorption, and an attractive free energy well at ~ 2.5 nm
from the hydrate substrate. At this distance the aromatics reach the hydrate surface.
A deeper free energy well is observed for pyrene than for benzene, suggesting
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stronger adsorption. Based on the PMF profiles, it is possible that a metastable state
is present for pyrene at 257 K at ~ 2.6 nm, which is believed to be due to the
roughness of the hydrate surface at low temperature. The depth of the wells in the
PMF profiles is consistent with the strong adsorption observed for these aromatics at
the hydrate-hydrocarbon interface and discussed above (the free energy of adsorption
is estimated in -8.0 ± 0.5 kJ/mol and -17.6 ± 0.5 kJ/mol for benzene and pyrene,
respectively). The results obtained indicate that the adsorption of aromatics on gas
hydrate surfaces is thermodynamically favourable, and that pyrene adsorbs more
strongly compared to benzene, which is consistent with the density profiles shown in
Figure 6.2.

In terms of the thermodynamics driving force, the right panels of Figure 6.4

reveal that the adsorptions of both benzene and pyrene are dominated by energetic
contributions; in both cases, the aromatics experience an entropic penalty as they
adsorb on the hydrate, penalty which is larger for pyrene than for benzene, because
adsorption reduces the rotational freedom of the aromatics.
The adsorption of aromatics in the presence of AAs at 0.89 molecules/nm2 was
investigated by reconstructing the PMF profiles for one benzene/pyrene at 277 K.
The final configurations of the equilibrated systems of Figure 6.2 were used as the
initial configurations for these simulations. The results are presented as the blue
curves in the left panels of Figure 6.4. In the case of benzene, a high free energy
barrier is observed as the molecule moves across the AA interfacial film (from 2.65
nm to 4.5 nm). This implies that the integration of benzene into the AAs film is
thermodynamically and kinetically unfavourable. Contrarily, a rather low free energy
barrier encountered by pyrene as it adsorbs into the AAs film is observed. A deep
free energy well at ~ 3.2 nm suggests that the adsorption within the AAs film is
thermodynamically favourable, even more favourable than that observed when AAs
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are not present. This is probably due to attractive interactions between pyrene
molecules and AAs. Note that the position of the free energy minimum observed for
pyrene shifted to ~ 3.2 nm when AAs are present because the distance is measured
between the center of mass of pyrene and that of the hydrate substrate. When the
pyrene molecule is perpendicular to the interface (see discussion below), its center of
mass shifts to larger distances.
6.4.3

Orientation of aromatics at the oil/hydrate interface

The orientation of aromatics at the interfaces is examined by calculating the
probability distribution of the angle θ formed by the vector normal to the aromatics
plane and the Z direction of the simulation box. The results are shown in Figure 6.5,
where bulk and adsorbed aromatics are compared. For reference, the angle
distribution consistent with no orientational order is shown as a thick purple curve. In
the bulk hydrocarbon phase (Figure 6.5b), the angle θ follows an isotropic distribution
for all aromatics. At the oil/hydrate interfaces all aromatics exhibit anisotropic
orientational distributions (Figure 6.5c). When AAs are not present, the angle
distribution shows preference for either 0 or 180. This means that interfacial
aromatic molecules preferentially align their aromatic plane almost parallel to the
hydrate surface, consistent with data reported in literature for aromatics and model
asphaltenes at gas-water, oil-water and oil-solid interfaces [241,285,286]. When AAs
are present, monocyclic aromatics (benzene, toluene, p-xylene) shows isotropic
orientation distributions. On the contrary, polycyclic aromatics, including
naphthalene and pyrene, tend to align perpendicularly to the hydrate surface (Figure
6.5d).

These results are consistent with the monocyclic aromatics having the effect of
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disrupting the order of the AAs within the interfacial film, and polycyclic ones to
induce order, at least at low AA surface density.

Figure 6.5. Probability distribution of the angle θ between the vector normal to the aromatic plane and
the Z direction of the simulation box. In panel (a) a schematic of the angle θ is shown. The results are
shown for aromatics in the bulk hydrocarbon phase (b), at the hydrate-oil interfaces without AAs (c),
and with AAs (d) at a surface density of 0.44 molecules/nm2.

6.4.4

Ordering of AAs at hydrate/oil interface

To quantify synergistic or antagonistic effects, changes in the structure of the AAs
within the interfacial film due to the presence of aromatics were monitored. It should
be noted that the order of the interfacial film was found to be correlated with the AAs
performance, as well as with the ability of methane to diffuse from the hydrocarbon
phase to the hydrate substrate [140,275]. To quantify the order of the AA films, the
deuterium order parameter, SCD, for carbon atoms in the long alkyl tails of the AAs
was calculated. To quantify SCD with respect to the Z direction of the simulation box,
we computed:
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𝐒𝐂𝐃 =

𝟑〈𝐜𝐨𝐬𝟐 𝝋〉 − 𝟏
𝟐

(6.2)

In Eq. (6.2) 𝜑 is the angle between the C–C bond connecting carbons i and i+1 in the
alkyl tails and the Z direction of the simulation box. It is worth pointing out that
|𝐒𝐂𝐃 | = 0.5 indicates an alkyl tail perfectly ordered in all-trans conformation. The
results, presented in Figure 6.6, were obtained for the systems at two AA surface
densities: 0.44 and 0.89 molecules/nm2, respectively.

Figure 6.6. Deuterium order parameter for carbon atoms in the long tails of AAs in the presence of
aromatic compounds. Results are obtained at AA surface density of 0.44 (left) and 0.89
molecules/nm2 (right).

At low AA surface density, the results (left panel of Figure 6.6) indicate that the
presence of aromatic compounds enhances AAs’ ordering. The effect decreases in
the order pyrene > naphthalene > xylene ≈ toluene ≈ benzene.
At high AA density (right panel of Figure 6.6) the interfacial films become wellordered because of the interactions between the AA long tails and n-dodecane [140].
The monocyclic aromatics seem not to affect much the ordering of the AA alkyl tails.
This is likely because these aromatics are excluded from the interfacial films, as
discussed above. However, when polycyclic aromatics are present, different effects
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were observed. The order parameter obtained in the presence of naphthalene is the
lowest, because the relatively large naphthalene molecules reside in the interfacial
films and disrupt its order. On the other hand, pyrene adsorbed in the interfacial films
slightly reduces the ordering of carbon atoms at the end of the alkyl tails, far from the
headgroups. This is because pyrene molecules stack in an ordered fashion inside the
interfacial films. However, because their molecular size (~ 0.9 nm) is not comparable
with the length of the AA alkyl tails (~ 1.5 nm in all-trans conformation), they can
only induce order within the region of the film closer to the hydrate.
6.4.5

Effective hydrate-hydrate interactions

To stabilize dispersions, the surfactants should yield effective repulsions between
two particles [287–289]. To quantify the effective hydrate-hydrate interactions in the
presence of aromatics, AAs, and both aromatics and AAs, free energy profiles as two
hydrate substrates approach each other along the Z direction of the simulation box
were estimated.
To construct the initial configuration, one hydrate substrate with adsorbed AAs,
aromatics, n-dodecane, and methane was extracted from the equilibrated systems.
The substrate was duplicated. The two replicas were inserted facing each other in the
same simulation box and separated along the Z directions. One channel of diameter ~
3 nm was carved out of one of the two substrates, which allows molecules to move
out from the region between the two hydrates as the two substrates approach each
other. The free space of the simulation box was filled with n-dodecane. A simulation
snapshot is shown in Figure 6.7. Simulations were conducted as the centers of mass
(COM) of the two hydrate substrates were constrained at different distances for 15
ns. The force applied to constrain the substrates was collected and averaged during
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the last 5 ns of each simulation. The PMFs were reconstructed by integrating the
force-distance profiles, following successful examples from the literature
[241,290,291].
The results are shown in Figure 6.7. Benzene alone was found not to induce
appreciable repulsions between the approaching hydrate substrates (blue solid line).
Benzene was also found to lower the repulsion induced by AAs (blue dash line vs.
black solid line), suggesting that the presence of benzene could compromise the
performance of the AAs considered.

Figure 6.7. Left: PMF profiles calculated for systems in the presence of AAs only (black solid line);
benzene and no AAs (blue solid line); benzene and AAs (blue dash line); pyrene and no AAs (red
solid line); pyrene and AAs (red dash line). Right: a representative simulation snapshot showing water
= blue, AAs = cyan, pyrene = red. Dodecane and methane are not shown for clarity.

Contrarily, our results show that pyrene induces an effective repulsion between two
approaching hydrate substrates even when no AA is present (red solid line). The
results are consistent with the suppressed cohesive force between water
droplet/hydrate particle and hydrate particle in the presence of asphaltene or resin
extracted from crude oils (at least by 2 orders of magnitude compared to the system
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without asphaltene or resin), which is believed to be due to the adsorption of
asphaltene and resins on the hydrate-oil interface [281]. A shallow free energy well
was observed for this system at ~ 5 nm. This is probably due to the fact that pyrene
molecules strongly adsorb on hydrates surfaces, where they can promote π–π
stacking [292]; when they accumulate in the gap between two hydrates, pyrene
molecules can form a bridge that contributes to bringing together the two hydrates.
When AAs are added to the system with pyrene (red dashed line), the effective
hydrate-hydrate repulsion is much stronger and longer-ranged compared to that
observed with only pyrene. Because pyrene molecules embed within AA films, they
do not yield mid-range effective attractions between hydrates (see Figure 6.5). The
results above indicate that for systems without, or at low surface density of AAs,
polycyclic aromatics can enhance the repulsion between hydrates, consistent with the
experimental data according to which crude oils containing higher amounts of large
aromatic compounds can yield higher emulsion stability [293]. These results suggest
that pyrene could function as a natural AA, and that it could contribute to enhance
the performance of the AAs considered in this work.
It is worth noting that the PMF profiles for the systems at high concentration of AAs
were not calculated because the order of the interfacial film expected at those
conditions is not preserved once the channel shown in Figure 6.7, right panel, is
drilled within the hydrate substrate. However, building on arguments that relate
emulsions stability to interfacial mechanic barriers or the film strength as measured
by interfacial elasticity [294,295], it is expected the more ordered and rigid the
interfacial films are, the stronger the repulsion between the two approaching hydrates
becomes [140,275].
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Simulation snapshots in Figure 6.3 and data in Figure 6.6 show that naphthalene
disturbs the AA thin film, while the presence of monocyclic aromatics and pyrene
has no or little effect on the order of the interfacial thin film either by being excluded
from the interfaces (for monocyclic aromatics) or by enhancing the order of the alkyl
AA tails. Therefore, comparing the observations reported here for different aromatic
compounds, it is expected that the free energy barrier induced by the presence of
naphthalene at the interface will be lower compared than that observed in the
presence of pyrene.
6.5

Conclusions

In summary, using classic MD simulations, we investigated how selected aromatic
compounds could act as natural AAs for stabilizing hydrate particles dispersed in
hydrocarbons, as well as how they could affect the performance of synthetic AAs. By
analysing density distributions, preferential orientation distributions, and adsorption
free energy profiles, a strong segregation, driven by internal energetic effects, of
aromatics at the hydrate-oil interface was observed. It was found that polycyclic
aromatics exhibit stronger adsorption compared to monocyclic ones. Consequently,
the adsorbed layers of polycyclic aromatics induce an effective repulsion between
hydrate particles, which suggest these compounds could act as natural AAs and
emulsifiers. The simulations also reveal that, depending on their molecular size,
aromatic compounds can have both synergistic and antagonistic effects with respect
to AAs. For example, polycyclic aromatics such as pyrene can enhance the order of
the AA film; hence promote stronger hydrate-hydrate repulsions. The monocyclic
aromatics considered here, in some cases, disrupt the AA film at low AA surface
density; therefore, it is expected that these compounds compromise the performance
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of AAs used at low doses. At high AA surface densities, monocyclic aromatics are
found not to have strong effects on the order of AA films. The results presented here
could be exploited for designing AA formulations that are effective in various crude
oils, could provide important evidence to explain for the performance of asphaltenes,
which are believed to contain a substantial proportion of highly aromatic molecules
and their derivatives as well as carboxylic acids of various types, in preventing gas
hydrate agglomeration, and could also help the community further the fundamental
understanding of the diverse mechanisms responsible for the stabilization of
dispersions using surfactants.
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Chapter 7. Summary and Outlook

7.1

Summary

In this thesis, equilibrium and non-equilibrium MD simulations using the
GROMACS simulation package were employed to study the structure – performance
relations of surfactants used as AAs in gas hydrate systems. The main focus of
interest is to study the interfacial behavior of AAs and how they affect the growth
and agglomeration of gas hydrates. Different possible mechanisms governing the
performance of AAs in gas hydrate systems were suggested. The results can be
exploited to help synthesize effective chemical formulations for different
applications including flow assurance, gas storage/capture and sea water
desalination.
In Chapter 3, equilibrium MD simulations were implemented to quantify the
behavior of selected AAs at hydrate-oil interfaces. By changing the molecular feature
of AAs focusing on the length of the alkyl tails, as well as the length of n-alkane in
oil phase, the results show that the interfacial films can become well-ordered,
resembling frozen interface when the length of AAs alkyl tails and n-alkane are
compatible. The AAs inducing the frozen interfacial layer is the one that shows good
anti-agglomeration performance in experiments. Smaller molecules such as gas
molecules and low weight n-alkanes such as n-hexane, n-octanes are excluded from
the interfacial layers. While verified by experiment data, the results obtained will
provide important understanding on the mechanism of AAs in preventing gas hydrate
agglomeration. The results could be the answers to some questions regarding the
performance of AAs e.g. why the presence of the liquid oil phase is essential for AAs
to perform, why the length of the alkyl tails of the AAs have to be in a specific range
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(12-16 carbons), and the concentration of the AAs has to be higher than a threshold
value. As a consequence, the results could be exploited for synthesizing new
substances with better hydrate anti-agglomeration characteristics.
It has been suggested in the previous Chapter that the compatibility of the chain
length of AA and alkane molecules at the hydrate-oil interfaces can induce an
ordered interfacial layer, in turn providing free energy barriers for the transport of
molecules across the interfacial film. In Chapter 4, the transport mechanism of
methane molecules across the interfacial film rich in AAs was studied. Using a
combination of enhanced sampling techniques, the FE profiles were accurately
quantified and revealed the molecular mechanism responsible for the FE barrier
encountered by the methane transport. The results indicate that the FE barrier is
governed by the local flexibility of the liquid hydrocarbon molecules and the alkyl
tails of AA molecules within the interfacial film. Increasing the AAs surface density
leads to an increase in the height of the free-energy barrier. The characteristic time
obtained from WT-metaD simulations and implementing the Kramers theory are
comparable with the experimental growth rate of methane hydrate film at flat
methane-water interface suggesting that ordering of the long AA tails observed for
the AAs considered here can provide effective barriers to methane transport. The
new physical insights discussed in this paper could be useful for a variety of
applications. For instance, several research groups focus on the interplay between
design and performance of AAs at the microscopic scale. Taking into account the
collective effect of new AAs could allow us to infer their use in practical
applications, which addresses the current needs.
AAs are usually surface active compounds with hydrophilic headgroups and
hydrophobic tails. Therefore, it is expected that the performance of AAs is attributed
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to the characteristic of these groups. In the previous Chapters, the effects of the long
alkyl tails of AAs on the properties of the interfacial thin films as well as on the
transport of the methane molecules were studied. In Chapter 5, the effects of AAs
(focusing on the length of the short alkyl tail) on the growth of gas hydrates were
investigated. The results obtained show that the adsorption of AAs at the water-oil
interface can affect the hydrate growth according to two different mechanisms. As an
inhibition effect, AAs can reduce the concentration of methane at the interface,
which lowers the driving force for hydrate growth. This effect is more pronounced
when the interfacial layers become highly ordered and packed. As an enhancement
effect, AAs with short n-butyl tails can stabilize newly formed hydrate cages at the
hydrate growing surface. The results obtained are crucial for quantifying the hydrate
growth mechanism in the presence of AAs, which could be exploited for designing
new active compounds with hydrate-promoting or hydrate-inhibiting characters for
different applications.
It is known that most of the AAs require a liquid hydrocarbon phase to function
properly; also their performance depends on the oil composition. In Chapter 6, the
influences of aromatic compounds on the agglomeration of gas hydrates were
explored. Different aromatics including monocyclic aromatics such as benzene,
toluene, p-xylene as well as polycyclic aromatics such as naphthalene and pyrene
were investigated. The results obtained show that aromatic molecules prefer to
adsorb at the hydrate-oil interface with polycyclic aromatics showing stronger
adsorption compared to monocyclic aromatics. Polycyclic aromatic with high
number of benzene rings in the molecular structure also can induce high free energy
barrier preventing the agglomeration of gas hydrate particles. When AAs are added
into the system at low concentration, monocyclic aromatic can negatively affect the
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performance of AAs. Whereas polycyclic aromatics can enhance the performance of
AAs by making the interfacial layer become more ordered. The results could be
useful for designing AA formulations that are effective in various crude oils. The
results could also provide important evidence to explain for the performance of
asphaltenes in preventing gas hydrate agglomeration, and help the community further
the fundamental understanding of the diverse mechanisms responsible for the
stabilization of dispersions using surfactants.
7.2

Outlook

Many aspects related to the performance of AAs in gas hydrate systems have not
been covered in this thesis. On the basis of our findings, the formation of the ordered
interfacial thin film seems to primarily govern to the performance of AAs. Therefore
further studies on factors that influence the formation of the ordered interfacial layer
are important. These factors could be the molecular structure of the tails, the
headgroups of AAs, as well as the presence of other additives and salts. For instance,
Chua and Kelland [296] have tested the performance of a series of n-alkyl-tri(nbutyl)ammonium bromides as AAs. They found that the optimum alkyl chain length
of the AAs ranges from 8 to 18 carbon atoms. Moreover, the addition of the anionic
surfactant (SDS) enhances the performance of the AAs. Therefore, it is expected that
by enhancing the interaction between the AA backbone and other molecules at the
interface the free energy barrier could be improved to prevent the transport of gas,
water as well as the agglomeration of hydrate particles.
It is known that the addition of salt can enhance the performance of AAs [296–298].
Due to strong electrostatic interactions, sodium and chloride ions are expected to
adsorb near the AA hydrate-philic headgroups and affect the packing behavior of the
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interfacial AAs. Also, the presence of the salts may alter the interactions of the AA
headgroup and the hydrate substrate. Recently, Mehrbian et al. [299] studied the
effect of sodium chloride on the adsorption of AAs on the hydrate surface. They
found that the addition of NaCl enhances the adsorption of AAs via two different
mechanisms: (1) the salt lowers the solubility of AAs in solution, therefore enhance
the adsorption of AAs on the hydrate surface, (2) an excess amount of the chloride
anions at the hydrate surface creates an interfacial layer with negative charge, which
stabilizes the adsorbed AAs. Therefore, understanding how salts influence the
performance of AAs is necessary to synthesize formulations suitable for each salinity
condition.
Additionally, our preliminary results show that different types of AAs could exhibit
different mechanisms in preventing hydrate agglomeration. For instance, by
conducting MD simulations some AAs were found to be able to connect two
approaching hydrate particles to each other (see Figure 7.1). Therefore it is expected
to hinder the anti-agglomeration performance. Thus, the structure-performance
relation of AAs needs to be further investigated to capture all mechanisms of actions.
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Figure 7.1. A representative simulation snapshot showing that an AA molecule (cyan and white
spheres) with a specific molecular feature can bridge two approaching hydrate layers (red lines =
hydrogen bonds of water).

Last but not least, the pipeline blockage due to gas hydrates is a combination of
many

different

processes/mechanisms

including

nucleation,

growth,

and

agglomeration. Therefore, a reliable model capturing all these competing molecular
mechanisms to predict whether a hydrate plug will form, leading to pipeline blockage
is urgently needed to minimize the use of the expensive and time-consuming trialand-error tests to optimize the solution for the pipeline under consideration. To
capture the molecular mechanisms, a stochastic approach utilizing kinetic Monte
Carlo (KMC) simulation could be used to account for the combined effect of the
various phenomena considered. The new model might be combined with the
CSMHyK model developed by researchers at the Center for Hydrate Research at the
Colorado School of Mines to predict more accurately the formation and
transportability of gas hydrates in pipelines under different conditions.
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Appendix A.

Molecular Mechanisms Responsible for Hydrate

Anti-agglomerant Performance

The material presented in this section was published in 2016 in volume 18, pages of
24859-24871 of the Physical Chemistry Chemical Physics.
A1

Abstract

Steered and equilibrium molecular dynamics simulations were employed to study the
coalescence of a sI hydrate particle and a water droplet within a hydrocarbon
mixture. The size of both the hydrate particle and the water droplet is comparable to
that of the aqueous core in reverse micelles. The simulations were repeated in the
presence of various quaternary ammonium chloride surfactants. We investigated the
effects due to different groups on the quaternary head group (e.g. methyl vs. butyl
groups), as well as different hydrophobic tail lengths (e.g. n-hexadecyl vs. n-dodecyl
tails) on the surfactants' ability to prevent coalescence. Visual inspection of
sequences of simulation snapshots indicates that when the water droplet is not
covered by surfactants it is more likely to approach the hydrate particle, penetrate the
protective surfactant film, reach the hydrate surface, and coalesce with the hydrate
than when surfactants are present on both surfaces. Force–distance profiles obtained
from steered molecular dynamics simulations and free energy profiles obtained from
umbrella sampling suggest that surfactants with butyl tripods on the quaternary head
group and hydrophobic tails with size similar to the solvent molecules can act as
effective anti-agglomerants. These results qualitatively agree with macroscopic
experimental observations. The simulation results provide additional insights, which
could be useful in flow assurance applications: the butyl tripod provides adhesion
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between surfactants and hydrates; when the length of the surfactant tail is compatible
with that of the hydrocarbon in the liquid phase a protective film can form on the
hydrate; however, once a molecularly thin chain of water molecules forms through
the AA film, connecting the water droplet and the hydrate, water flows to the hydrate
and coalescence is inevitable.
A2

Introduction

Although a large number of experimental studies [55,296,300–306] have been
conducted to investigate AAs, their mechanism of action is not completely
understood. Understanding how the molecular structure of AAs affects performance
can lead to designing new and possibly improved AA formulations. Building on the
fundamental understanding of the kinetics of colloidal coalescence available in the
literature [307–312], steered and equilibrium molecular dynamics (MD) simulations
were employed to investigate the coalescence of a sI hydrate particle and a water
droplet embedded in a hydrocarbon mixture (n-decane and methane). Although the
available computing-power limits the system size that can be investigated at the
atomistic level, the size of both the water droplet and the hydrate particle is
comparable to that of the aqueous core in reverse micelles. As such, the simulated
system could be representative of the coalescence of emulsified water micro-droplets
with just-nucleated hydrate particles. We investigate how various quaternary
ammonium chloride surfactants affect the mechanism of coalescence. All
calculations are performed at the atomistic length scale. We consider different groups
on the quaternary head group of the surfactants (e.g. methyl vs. butyl groups), as well
as different hydrophobic tail lengths (e.g. n-hexadecyl vs. n-dodecyl tails). We
attempt to relate the molecular properties of the surfactants, considered as AAs in our
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model study, to the mechanism of coalescence between the hydrate particle and the
water droplet, which we interpret as a molecular-scale signature of macroscopic
performance in hydrate management. Future investigations will clarify how the
curvature of the interfaces (both that of the water droplet and that of the hydrate
particle) affects the molecular mechanisms of coalescence. The simulations are
analyzed in an effort to unveil molecular mechanisms that could be exploited to
control the performance of AAs. Some of the results agree with general expectations,
suggesting for example that strong adhesion between the surfactant head groups and
the hydrate particles should improve performance. Others are less expected,
suggesting for example that cohesion between the hydrophobic tail groups to yield a
protective film impervious to water could be a useful feature of surfactants used in
flow assurance.
A3

Simulation Methodology

Steered and equilibrium MD simulations were performed using the package
GROMACS [114,120]. The simulations were conducted at the atomistic level.
One representative simulation set up is reproduced in Figure A1. Each simulated
system contains one hydrate particle, one water droplet, and surfactants, all
immersed in a hydrocarbon mixture. The hydrocarbon phase contains n-decane and
methane. The hydrate particle of ∼1.5 nm in radius was carved out of the bulk
structure of sI methane hydrate. We maintained all atoms in the hydrate particle
rigid, as we are not focusing on the stability of the hydrate. Additional simulations,
not included in this contribution for brevity, conducted for a flat hydrate substrate in
contact with a hydrocarbon phase, in which the molecules in the hydrate were not
maintained rigid, show that a sub-molecular layer of water molecules can form at the
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hydrate–hydrocarbon interface. Such a layer could in principle introduce defects on
the hydrate cages, which could alter the strength of adsorption of the surfactants on
the hydrate. Such effects are not expected to alter the conclusions of the present
research, focused on the mechanism by which surfactants can prevent the
agglomeration between a water droplet and a hydrate particle. The observations just
briefly mentioned are being quantified systematically and will be discussed in a
future report.

Figure A1. Representative simulation snapshots for systems containing one hydrate particle covered
with surfactants and one bare water droplet (left) or one droplet coated with surfactants (right)
immersed in a hydrocarbon mixture. A cyan spherical object represents the water droplet. Red and
white spheres represent oxygen and hydrogen atoms in water molecules of hydrate, respectively.
Yellow, green, and gray spheres represent chloride ions, nitrogen atoms and alkyl groups in
surfactants, respectively. Blue spheres and cyan lines represent methane and n-decane molecules,
respectively.

In the simulations presented here the hydrate particle was covered with single-tail
quaternary ammonium chloride surfactants. We simulated three such surfactants: n-
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hexadecyl-trimethyl-ammonium
ammonium

chloride

(C16C4),

chloride

(C16C1), n-hexadecyl-tri(n-butyl)-

and n-dodecyl-tri(n-butyl)-ammonium

chloride

(C12C4). Their molecular structures are shown in Figure A2. The water droplet was
prepared by extracting a sphere out of bulk liquid water; it was 1.25 nm in radius.
The size of the water droplet was chosen to be comparable to that of the aqueous
core of reverse micelles obtained by dispersing water in decane in the presence of
surfactants [313]. The water droplet was either covered by surfactants (the same
surfactants used for the hydrate particle) or not. We refer to the two cases as coated
and bare droplets, respectively. The amount of surfactants used to cover both the
water droplet and the hydrate particle was determined using experimental data
available for the ratio between molar concentration of water and that of surfactants in
reverse micelles obtained by dispersing water in decane. This ratio is estimated to be
∼7–8 for reverse micelles with an aqueous core radius comparable to that used in the
present simulations [313].

Figure A2. Molecular structures of (a) n-hexadecyl-trimethyl-ammonium chloride (C16C1), (b) nhexadecyl-tri(n-butyl)-ammonium chloride (C16C4) and (c) n-dodecyl-tri(n-butyl)-ammonium
chloride (C12C4). Chloride ions are modeled as completely dissociated. Yellow, green, and gray
spheres represent chloride ions, nitrogen atoms and alkyl groups, respectively. The tripod of alkyl
groups is highlighted in the figure.

To build each simulated system we first deposited 87 surfactants on the hydrate
particle and 48 surfactants on the water droplet (this was not necessary for the bare
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droplet case) and we equilibrated the two systems (particle and droplet) separately at
277 K for 10 ns. The amounts of surfactants were sufficient to achieve a surface
density of ∼3.1 molecules per nm2 and ∼2.5 molecules per nm2 on the hydrate
particle and on the water droplet, respectively. We then inserted the hydrate particle
and the water droplet, together with the desired amount of n-decane and methane
molecules, in a rectangular simulation cell of dimensions 9.09 nm × 10.60 nm ×
17.44 nm (bare droplet) or 9.15 nm × 10.67 nm × 17.55 nm (coated droplet). In all
cases, the n-decane:methane:water molar composition was 7:0.44:2.5.
From the initial configuration just described, we first conducted simulations in the
canonical ensemble (NVT) (constant number of particles, volume, and temperature)
for 5 ns at T = 277 K, followed by simulations in the NPT ensemble (constant
number of particles, pressure, and temperature) at P = 10 MPa and T = 277 K. Once
the total system energy and the volume stabilized (within ∼200 ps), we continued the
simulations in the NVT ensemble for additional 30 ns. This procedure was considered
adequate to yield equilibrated configurations because the bulk density of n-decane
approached the experimental bulk liquid density under the thermodynamic conditions
chosen for the simulations. The equilibrated systems were used as initial
configurations for the steered simulations to investigate the coalescence. The results
presented below for both equilibrium and steered simulations were obtained under
thermodynamic conditions (T = 277 K and P = 10 MPa) favorable for hydrate
formation [314].
The transferable potentials for phase equilibria-united-atom (TraPPE-UA) [91] force
field was implemented to describe n-decane and methane. The potential parameters
developed by Jorgensen and Gao [315] were used to model the surfactant quaternary
head group while the tail alkyl groups were described by the force field reported by
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Smit et al. [316]. These force fields yield good agreement with experimental data in
terms of the hydration properties of the ammonium compounds and of the critical
properties of alkanes, respectively. The rigid SPC/E model was used to simulate
water molecules both in the droplet and in the sI hydrate [317]. The SPC/E water
bonds and angles were kept fixed by employing the SETTLE algorithm [318].
Although the SPC/E model does not describe satisfactorily the solid–liquid phase
diagram of water, we have used it previously to quantify liquid water properties at
interfaces in the presence of surfactants [319,320]. Good agreement was for example
obtained with experimental data for the thickness of C12E6 surfactant films at the
water–vacuum interface [321]. As such, we consider the SPC/E model adequate for
the purposes of this study. For investigations focused on nucleation and growth of
hydrates, other water models would perhaps be better suited. In particular, the
generation of TIP4P-like water models, e.g. TIP4P/Ew, TIP4P/Ice, and TIP4P/2005,
provides a good description of fluid–solid and solid–solid equilibria of water, as well
as of the surface tension of water over a wide range of temperatures [322]. It has
recently been shown that by using the TIP4P/Ice model it is possible to observe the
spontaneous nucleation and growth of methane hydrates using MD [68]. The
potential parameters for chloride ions were taken from the study of Dang and
collaborators [108]. Non-bonded interactions were modeled by means of dispersive
and electrostatic forces. Electrostatic and dispersive interactions were described by
the Coulombic and the 12-6 Lennard-Jones potentials, respectively. The LennardJones parameters for unlike interactions were determined by the Lorentz–Berthelot
combination rules from the values of like components. The cutoff distance for all
interactions was set to 9 Å. Long-range corrections to electrostatic interactions were
treated using the PME method [323]. The simulated temperature was maintained at
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277 K using a Nosé–Hoover thermostat [324,325] with a relaxation time of 100 fs.
The equations of motion were solved by implementing the leapfrog algorithm with
1.0 fs time steps.
We conducted steered MD simulations to mimic the hydrate coalescence as
investigated by recent experimental approaches [326–330]; in our simulations the
droplet was pulled towards the hydrate particle, which was maintained fixed. We
used a harmonic spring with a force constant of 3000 kJ mol−1 nm−2 tethered to the
center of mass (COM) of the droplet. The COM position was pulled at a constant
relative velocity (pulling rate). The results should depend on the pulling rate, with
slower pulling rates expected to sample configurations more representative of
equilibrated systems while requiring higher computing resources. For the system in
which the water droplet was bare, we only used the pulling rate of 0.2 nm.ns−1,
obtaining the expected results, which were used only as a reference in this work. For
the systems in which the water droplet is covered by surfactants, we tested three
pulling rates when the surfactant C16C1 was used: 0.2, 0.1, and 0.05 nm.ns−1. The
individual force–distance curves are reported in Figure A3 together with the
approximate PMF profiles. As expected, the results depend on the pulling rate, but
the differences observed when the pulling rate was either 0.1 or 0.05 nm.ns−1 were
considered not very large. Because the features of the hydrate–droplet force profiles
are reminiscent of experimental observations, we considered the pulling rate of 0.05
nm ns−1 a good compromise between computing costs and reliability of the results.
All steered simulations discussed in this work for water droplets covered by
surfactants were conducted at the pulling rate of 0.05 nm.ns−1. It is worth noting that
the steered velocities imposed in our simulations (0.2 or 0.05 m.s−1) are smaller than
typical flow rates for water droplets in oil (∼0.59 m.s−1) [331], suggesting that the
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method, although limited by computational limitations, should assess scenarios that
have experimental relevance.

Figure A3. Top: Individual force-distance curves plotted as a function of the distance between the
COM of the hydrate particle and that of the water droplet coated with C16C1. Results are shown for
different pulling rates: 0.2 (left), 0.1 (middle), and 0.05 (right) nm/ns. Bottom: Approximate PMF
obtained by numerically integrating the force profiles as shown in the top panels at various pulling
rates: 0.2 (green circles), 0.1 (purple triangles), and 0.05 (blue diamonds) nm/ns.

As one steered simulation progresses, the distance between the COM of the water
droplet and that of the hydrate particle decreases, and eventually the two coalesce.
The force exerted on the droplet by the spring was recorded every 20 time steps. The
average droplet–hydrate particle COM–COM distance (D) during the 20 time steps
was also recorded. To obtain one individual force–distance curve we conducted three
independent steered simulations. We averaged the force obtained at each COM–
COM distance to obtain the curves, such as those shown in Figure A4. More steered
simulations for the same system should be conducted to reduce the large deviation
between instantaneous forces and running averages. However, the individual force–
distance curves are qualitatively consistent with each other (results not shown for
brevity). Despite computing power limitations, we considered the results obtained
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sufficiently accurate to understand the molecular mechanisms of agglomeration. The
simulated experiment was concluded when D decreased to ∼2.1 nm. Coalescence is
always reached, in the simulations discussed here, at distances D larger than this
value.

Figure A4. Simulated force–distance curves obtained while pulling the water droplet towards the
hydrate particle. Results are shown for bare and coated water droplets (top and bottom panels,
respectively). The surfactants used are C16C1 (left panels), C16C4 (middle panels) and C12C4 (right
panels). Both instantaneous forces (blue lines) and running averages (red lines) are shown. The
distance is that between the COM of the hydrate particle and that of the water droplet.
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Figure A5. Sequence of simulation snapshots representing typical hydrate particle – bare droplet
coalescence processes. Results are shown for C16C1 (top), C16C4 (middle), and C12C4 (bottom)
used as surfactants. Small red and white spheres represent oxygen and hydrogen atoms in water
molecules of hydrate, respectively, while enlarged red and white spheres represent oxygen and
hydrogen atoms in water molecules initially within the droplet. Yellow, green, and gray spheres
represent chloride ions, nitrogen atoms and alkyl groups in surfactants, respectively. The hydrocarbon
mixture is not shown for clarity.
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Figure A6. Same as Figure A5, but for systems in which both the hydrate particles and the water
droplets are coated with surfactants: C16C1 (top), C16C4 (middle), and C12C4 (bottom).
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A4

Results and Discussion

A4.1

Hydrate particle – Droplet coalescence

Force – distance profiles
In Figure A4 we present the force profiles obtained as a function of the distance D
between the COM of the water droplet and that of the hydrate particle during the
steered simulations. While the hydrate particle is covered by surfactants in all cases,
the water droplet is either bare (top panels) or coated (bottom panels). The
surfactants considered are C16C1 (left panels), C16C4 (middle panels), and C12C4
(right panels). Visual inspection of representative simulation snapshots (see Figure A5
and Figure A6) combined with analysis of the force–distance profiles suggests that the
force remains constant as long as the water droplet is not in contact with the hydrate
particle. The force decreases when the bare droplet begins to interact with the
hydrate particle, the force decreases, indicating an effective attraction between and
the hydrate particle, even though the latter is covered by surfactants. This attraction
starts at about D ∼ 4.1–4.5 nm. One simulation snapshot obtained at this separation
is reported in Figure A5. The situation is different when the droplet is coated, in which
case the force increases when the surfactants that cover the droplet come in contact
with those covering the hydrate particle (at D ∼ 4.5–5.3 nm), indicating an effective
repulsion due to the presence of surfactants on both interfaces. If strong enough, this
repulsion could prevent coalescence, the goal of AAs in hydrate management. Our
results suggest that the repulsive force reaches a local maximum at a distance that
depends on the system considered, goes through a local minimum, and then increases
monotonically as D continues to decrease. These qualitative force–distance profiles
seem to be consistent with some such data reported experimentally. For example,
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Liu et al. [326] recently investigated the interactions between the water droplet and
the cyclopentane hydrate particle covered by Span 80 surfactants using the
micromechanical force (MMF) apparatus; Taylor et al. [332] and Aman et al. [333]
used the MMF apparatus to study adhesion forces between hydrate particles in the
presence of Span 20 and 80 surfactants, respectively. The experimental results are
qualitatively similar to those we just described for the coated water droplet, although
some differences need to be highlighted. These differences are due to the different
sizes of the simulated vs. experimental systems. Both hydrate particles and water
droplets are of size in the range of hundreds or thousands of microns in the
experiments of Liu et al. [326]. The interpretation of the experimental studies
suggests that when hydrate particles are large (1–100 micron diameter) the AAs can
help preventing water adsorption on the hydrates. When the hydrate particles are
smaller, under the conditions simulated here, it is expected that the surfactant layers
contribute to obtaining an effective repulsion among hydrate particles. We point out
that in all our simulations the results show that the force keeps increasing at short
hydrate–droplet separations. This occurs because the droplet is forced to change its
shape at the last stages of coalescence, which is consistent with the interpretation of
experimental data [326].
Qualitatively, the features just described are common in all simulated force–distance
profiles obtained for the bare or the coated droplets, although different surfactants are
considered. Some differences are however observed. For example, the distance D at
which the water droplet (either bare or coated) begins to respond to the presence of the
hydrate particle (i.e. when the force starts to either increase or decrease) using C16C1 is
shorter than that for either C16C4 or C12C4 surfactants. Atomic density profiles (see
Figure A7)

suggest that this difference is due, at least in part, to the distribution of the
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chloride ions around the hydrate particle: these extend further away from the hydrate
particle when either C16C4 or C12C4 surfactants are used rather than C16C1. The larger
the distance of the ions from the particle is, the further away the water droplet responds to
the presence of the hydrate. We also note that the effective attractive force experienced by
the bare droplet as it approaches the hydrate particle covered with C16C1 is stronger than
that obtained when using the other two surfactants. Consistently, we found that pulling
the droplet coated with C16C1 surfactants towards the hydrate particle requires a weaker
force than when using either one of the other two surfactants. These qualitative
observations suggest that C16C4 and C12C4 act as more effective AAs than C16C1,
which is consistent with experimental studies reported by Kelland et al. [54,296]. These
authors suggested that if the alkyl groups on the quaternary head group are shorter than
the butyl groups, the tripod formed by these alkyl groups (see Figure A2) will more easily
migrate on the hydrate surface, resulting in poor performance.

Figure A7. Density distributions of chloride counterions when C16C1 (red), C16C4 (blue), and
C12C4 (green) surfactants are adsorbed on the hydrate surface. The distance r is measured radially
from the COM of the hydrate particle.
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Approximate pair potentials of mean force
By numerically integrating the force profiles [F(z) along the z direction] shown
in Figure A4, we can obtain the approximate effective PMF [334]:

We refer to this quantity as ‘approximate’ because the results of our procedure
depend on the pulling rate, while the true PMF is an equilibrium property. Our PMF
results are shown in Figure A8. The results shown in the left panel confirm that the
interactions between the hydrate particle and the bare droplet lead to decreasing
potential profiles as D decreases, suggesting an effective attraction between the bare
water droplet and the hydrate particles covered by surfactants. No significant
differences in the PMF are observed when using different surfactants, except those
already discussed regarding the distance at which the force becomes attractive. The
results on the right panel of Figure A8 suggest that the PMFs between the hydrate
particles and the coated droplets show a few common qualitative features: they are
characterized by one moderately repulsive barrier at intermediate distances, a local
minimum, and a monotonous increase as D decreases. However, we point out that
there is one significant difference in the PMFs as a function of the surfactant being
simulated. Specifically, the effective particle–coated droplet PMF has a local
minimum that is positive when C16C4 or C12C4 are used, and negative when
C16C1 is used instead. The approximate PMF profiles obtained are therefore
consistent with the interpretation according to which C16C4 and C12C4 are more
effective AAs than C16C1. It is worth stressing that the results in either Figure A4 and
Figure A8

do not show evidence of pronounced differences when either C16C4 or

C12C4 are used.
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Figure A8. Approximate potentials of mean force plotted as a function of the distance between the
COM of the hydrate particle and that of the water droplet. Results are shown for bare (left) and coated
droplets (right panel). Different colors are for different surfactants: blue diamonds for C16C1, purple
triangles for C16C4, and green circles for C12C4.

Mechanism of coalescence
To better understand the mechanism of coalescence, we conduct MD simulations for
systems in which the hydrate particle remains fixed, and the water droplet is initially
placed at a desired distance from the hydrate particle. The simulations are then
conducted without steering the water droplet. We finally inspect the sequences of
simulation snapshots to understand how the systems evolve under various scenarios.
We repeated three times the simulations with initial configurations corresponding to
the local maxima in the approximate PMF profiles. In all cases we obtained the same
final configurations, although the time needed by the trajectories to reach such final
configurations differed. Thus the discussion below should be considered as
qualitative in terms of time, and semi-quantitative in terms of mechanism of
agglomeration.
In Figure A9 we present a sequence of simulation snapshots obtained for the system
containing the hydrate particle coated with C16C1 surfactants and the bare droplet.
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The snapshots are collected at various stages during the simulation. From the initial
configuration (t = 0 ns, panel A), the system evolves until the droplet touches the
hydrate particle (t = 33.96 ns, panel B), and the coalescence is well underway (t =
35.86 ns, panel C). In other words, at the beginning of this simulation the droplet is
far from the hydrate (D > 6 nm), and as the simulation progresses, it comes into
contact with the hydrate, touches it, and merges with it. Although the surfactants
were initially only present on the hydrate particle, they manage to re-distribute
uniformly around the water–hydrate complex in ∼21 ns after coalescence (t = 57.24
ns, panel D). This observation is important to confirm that the surfactants are mobile
at the water–oil interface in our system. To confirm this further, we conducted a test
simulation in which the surfactants were adsorbed densely on one region of a hydrate
particle covered by a thin water film. The surfactants were found to distribute
uniformly around the entire hydrate–water system in ∼20 ns (see Figure A10). For
completeness, it should be pointed out that our simulations suggest that the
surfactants considered here hardly move when they are adsorbed on the hydrate
surface without a thin water film present. While it is possible that allowing atomic
vibrations within the hydrate particle would permit noticeable surfactant diffusion,
additional simulations, not reported here, suggest that a fully formed hydration layer
might be necessary for observing lateral surfactant displacement in conventional
atomistic MD simulations.
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Figure A9. Sequence of simulation snapshots illustrating the coalescence between the hydrate particle
and the bare water droplet. The simulations were conducted without steering forces. The images
represent the evolution of the system from initial conditions (t = 0 ns, left), until the simulation is
ended at t = 57.24 ns (right). Results are shown for C16C1 used as a surfactant. The color code is the
same as that of Figure A1, except that enlarged red and white spheres represent oxygen and hydrogen
atoms in water molecules initially within the droplet. The hydrocarbon mixture is not shown for
clarity. The cyan sphere in the middle panel highlights the first water molecule originally belonging to
the droplet that manages to come in contact with the hydrate particle.

Figure A10. Sequence of simulation snapshots for the system in which initially the surfactants were
adsorbed densely on one region of the hydrate particle covered by a thin water film. The color code is
the same as that of Figure A1, except that reduced red and white spheres represent oxygen and
hydrogen atoms in water molecules initially within the droplet. The hydrocarbon mixture is not shown
for clarity.

The results shown in Figure A9 show that, even though the rather large number of
C16C1 surfactants adsorbed on the hydrate surface is barely mobile, the bare water
droplet is able to penetrate the protective surfactant film, and coalescence occurs. It
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appears that coalescence initiates when a molecularly thin water bridge forms
between the droplet and the hydrate (a cyan sphere in Figure A9, panel B, highlights
the first water molecule that is able to touch the hydrate particle after migrating from
the water droplet). Once this bridge is formed, it widens, almost like a channel that
allows water molecules to transfer from the droplet to the surface of the hydrate,
below the surfactants, and the surfactants become mobile and they allow all of the
water molecules to cover the hydrate particle. The same phenomena are observed
when using either C16C4 or C12C4 as an AA (see Figure A11)

Figure A11. Sequence of simulation snapshots illustrating the coalescence between one hydrate
particle and one bare water droplet. The simulations were conducted without steering forces. Results
are shown in the presence of C16C4 (top) and C12C4 (bottom) surfactants. The color code is the same
as that of Figure A4. The hydrocarbon mixture is not shown for clarity.

When we repeat a simulation similar to the one discussed in Figure A9 for a coated
water droplet, we do not observe coalescence even after long simulation times
(∼hundreds of nanoseconds), instead the water droplet moves further apart from the
hydrate particle.
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We used information from the approximate PMF, shown in Figure A8, to conduct
simulations from 2 different initial configurations. The local maximum observed at D ∼
4.2 nm for the PMF on the right panel of Figure A8 (for C16C1 surfactants) should
represent a kinetic barrier: when D is larger, the droplet and the particle should be repelled
and move away from each other, and when D is shorter the two should move closer to
each other and coalesce, as expected by the theory of colloidal stability [335]. To test this,
we initiated simulations from D = 4.2 nm (top panels in Figure A12) and from D = 4.18
nm (bottom panels in Figure A12). The sequence of simulation snapshots obtained when
the initial configuration is D = 4.2 nm shows that in 20 ns the coated droplet moves away
from the hydrate particle, as expected. Clearly, the C16C1 surfactants on both the hydrate
and the droplet prevent the agglomeration of Figure A9, within the time frame explored by
our simulations.
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Figure A12. The same as Figure A9, but for the water droplet coated with C16C1 surfactants. Top
and bottom panels represent two sequences of simulations started from slightly different initial
configurations. Top: The initial configuration (left panel) is set at D = 4.2 nm, slightly larger than that
corresponding to the local maximum in the PMF profile shown in Figure A8 (blue diamond data).
Bottom: The initial configuration (left panel) corresponds to D = 4.18 nm, slightly shorter than the
distance at which the PMF of Figure A8 shows the local maximum. In the bottom middle panel, at t =
0.12 ns, one water molecule (highlighted in cyan) establishes a molecular bridge between the hydrate
particle and the droplet.

When the initial configuration is D = 4.18 nm, the simulation leads to coalescence
within 20 ns of simulation (bottom panels in Figure A12). As observed in the case of
the bare droplet, coalescence is initiated by one chain of water molecules that
manages to build a bridge between the water droplet and the hydrate particle; one
water molecule is represented as a cyan sphere (middle bottom panel in Figure A12).
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It is perhaps surprising that this water bridge forms rather fast, within 0.12 ns from
the start of the simulation. Once the bridge is formed, coalescence seems to be
irreversible. After coalescence, the water molecules gradually spread over the
hydrate surface and the surfactants uniformly redistribute as the simulation
progresses further (not shown for brevity).
When C16C4 or C12C4 is used in our simulations, we observe coalescence when the
simulations are initiated from a distance D closer than the mid-range repulsive
barrier. In Figure A13 and Figure A14 we show sequences of simulation snapshots
obtained starting from D ∼ 4.9 and 4.6 nm (C16C4 and C12C4 surfactants,
respectively). In both cases, coalescence was observed. It is worth noting that the
hydrate–droplet separation at which coalescence occurs spontaneously corresponds,
approximately, to the sum of the radius of the water droplet and that of the hydrate
particle covered by chloride ions, indicating that coalescence starts when water
molecules touch the layer of chloride ions found on the hydrate particle (the chloride
ions are often found near the surfactant head groups because of electrostatic
interactions).

162

Figure A13. Same as Figure A11, but for the water droplet coated with C16C4 surfactants. Top and
bottom panels represent two sequences of simulations started from slightly different initial
configurations. Top: D  4.94 nm. Bottom: D  4.92 nm. In the bottom middle panel, at t = 7 ns, one
water molecule establishes a molecular bridge.
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Figure A14. Same as Figure A11 and Figure A13, but for the water droplet coated with C12C4
surfactants. Top: D  4.7 nm. Bottom: D  4.6 nm. In the bottom middle panel, at t = 13.95 ns, one
water molecule establishes a molecular bridge between the hydrate particle and the droplet.

Visual observation of sequences of simulation snapshots (see Figure A15) provides a
significantly different result when C16C1 surfactants are simulated as opposed to
either C16C4 or C12C4. Explicitly, when the water droplet and the hydrate particle
merge, the water molecules of the droplet are more likely to push away the C16C1
surfactants adsorbed on the hydrate surface than the other two surfactants. This is
more pronounced at distances D corresponding to the local minimum in the PMF
profile, which for C16C1 is highly negative, as shown in Figure A8 [336]. This
qualitative observation is consistent with the suggestions provided by Kelland et al.
[54,296], according to which it is more difficult to dislocate from the hydrate surface
a tripod of butyl than one of the methyl groups.
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Figure A15. Top views of sequence of simulation snapshots illustrating the displacement of C16C1
(top) and C12C4 (bottom) surfactants adsorbed on the hydrate surface during the coated droplet –
hydrate particle coalescence processes. The images represent the evolution of the system from initial
conditions that the water droplet is not at contact with the hydrate particle (D > 6 nm, left), until they
merge (D  3.51 nm, right). Only a portion of hydrate particle and some representative surfactants
adsorbed on the hydrate surface are shown for clarity. A yellow cross represents the position where
the droplet first touches the hydrate surface.

The semi-quantitative results just described, as well as the quantitative PMF profiles
discussed above, are expected to depend on the surface density of surfactants
adsorbed on both the hydrate particle and the water droplet. If the surface density is
significantly lower, the results in Figure A8 suggest that the surfactants would not be
effective at preventing the agglomeration of water droplets and hydrate particles. On
the other hand, while it would be expected that higher surface densities yield more
effective stabilization, this may not necessarily be observed systematically. As the
surfactant surface density increases slightly compared to the conditions considered
here, it is possible that the resultant denser film of self-assembled surfactants will
both (a) induce a stronger repulsive interaction between the water droplet and the
165

hydrate particle due to steric effects, as well as (b) make it more difficult for the
water molecules to form a bridge between the water droplet and the hydrate particle.
Both these effects are expected to more effectively prevent agglomeration. As the
surfactant surface density increases further, the adsorbed films will eventually
become thermodynamically unstable, and some of the surfactants would naturally
desorb. This process could be investigated using coarse-grained models, but is at
present beyond the capabilities of atomistic MD. Finally, it is possible that increasing
the surfactant surface density above some optimal value could destabilize the
surfactant adsorption on the hydrate particle. Because the simulation results suggest
that anchoring of the surfactant headgroups on the hydrate is important for
preventing agglomeration, over-crowding would lead to less effective prevention of
agglomeration. It is expected that the curvature of both the water droplet and the
hydrate particle strongly affects the mechanisms just described, as it directly affects
the surfactant ability to pack at an interface [337].
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A4.2

Water molecular transport across the hydrocarbon phase

Free energy profile
The results mentioned above highlight the importance of transferring water
molecules through the protective film formed by the surfactants. To gain further
insights into this process, we calculate the PMF for one tagged water molecule as it
is displaced from the surface of the water droplet to the surface of the hydrate
particle, across a thin film of the hydrocarbon phase. For these calculations we
implement the UB algorithm [338,339]. In these simulations a harmonic potential
with a force constant of 3000 kJ mol−1 nm−2 is used to keep the droplet at a
distance D from the hydrate particle. For one system, 80 – 148 independent
simulations were conducted, imposing that the equilibrium molecule−surface
distance changes by 0.025 nm from one simulation to another. Within each window
(separation distance) the simulation was conducted for up to 8 ns. The WHAM
algorithm was then used to reconstruct the PMF from combining the histograms
obtained at various molecule−surface separations [123,340,341]. It is worth repeating
that only one individual water molecule is moved across the hydrocarbon film. The
results are likely to depend on the surrounding molecules, both the surfactants and
the hydrocarbon chains. To test this we considered the tagged water molecule at
various positions in the X-Y plane (dx and dy represent the location of the water
trajectory from the COM of the hydrate particle in the plane perpendicular to the line
connecting the COMs of the water droplet and the hydrate particle), as well as
different distances D between the hydrate particle and the water droplet. The PMF
results are shown in Figure A16 for systems containing C16C1 surfactants. Different
colors represent results for different geometrical set ups. For the bare droplet (left
panel) the results in blue are for dx = −0.08, dy = −0.16, and D = 5.54 nm; the results
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in black are for dx = −0.03, dy = −0.04, and D = 5.24 nm; the results in red are for
dx = −0.15, dy = 0.19, and D = 4.97 nm; and the results in green are for dx = −0.41,
dy = −0.43, and D = 5.24 nm. For the coated droplet (right panel) the results in blue
are for dx = 0.03, dy = −0.44, and D = 6.51 nm; and the results in red are for dx =
0.44, dy = −0.04, and D = 6.01 nm. The PMF profiles shown in the left panel
of Figure A16 have a similar shape: when the water molecule detaches from the
droplet it encounters a relatively large free energy barrier as it migrates through the
hydrocarbon phase; once the water molecule adsorbs on the hydrate particle, the
PMF exhibits a minimum at dz ∼ 2.2 nm. The results suggest that the PMF minimum
depends on the distance D between the water droplet and the hydrate particle: our
analysis of the interaction energies suggests that when the droplet is further away
from the hydrate, the tagged water molecule is more strongly bound to the hydrate
surface. Although the general shape of the PMF profiles follows the description just
provided, different trajectories yield slightly different profiles. In particular, the PMF
shown in green shows a local minimum that is located further away from the hydrate
particle, shallower than those obtained for the other curves, and it also shows a small
barrier close to the hydrate surface. This confirms that the effective water–hydrate
interactions strongly depend on the location at which the water molecule adsorbs on
the hydrate surface.
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Figure A16. Potential of mean force calculated for one water molecule as it is moved from the water
droplet (right side of each curve) to the hydrate particle (left). Results are obtained for the systems
containing the hydrate particle coated with C16C1 surfactants and the bare (left panel) or coated
droplet (right panel). The surfactants are not shown in the inset for clarity. The calculations are
repeated for the tagged water molecule at various positions in the X-Y plane (dx and dy represent the
location of the water trajectory from the COM of the hydrate particle in the plane perpendicular to the
line connecting the COMs of the water droplet and the hydrate particle) and for the droplet located at
various distances D from the hydrate particle.

The results obtained when the water droplet is covered by surfactants are
significantly different compared to those just discussed in the region near the hydrate
particle. In fact, our calculations do not show pronounced local minima for the PMF
obtained for the water molecule near the hydrate surface. Also, the PMF penalty
experienced by the tagged water molecule as it is removed from the coated droplet
and inserted into the hydrocarbon film is larger than that observed for the bare
droplet (∼8.2 vs. ∼6.8 kcal mol−1). It is possible that the presence of ammonium head
groups and chloride ions in the droplet enhances the attraction between the tagged
water molecule and the coated droplet.
Analysis of the simulations (see in-plane density distributions reported in Figure A17)
shows that the alkyl tails of C16C1 surfactants on the droplet disturb the hydrocarbon
phase, which perhaps enables the tagged water molecule to travel faster. It is possible
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that the corresponding disorder reduces the dispersive interactions between the water
molecule and the hydrocarbon phase, and therefore increases the free-energy barrier
experienced by the tagged water molecule.

Figure A17. In-plane density distributions of n-decane molecules found in a slab with thickness 4 Å
confined between the hydrate particle and the water droplet. Results are obtained for the systems
containing the hydrate particle coated with C16C1 surfactants and the bare at D = 5.24 nm (left panel)
or coated droplet at D = 6.01 nm (right panel).

In Figure A18 we report PMF results to compare the performance of different
surfactants with regard to the ability of one water molecule to transfer across the
hydrocarbon phase. Different colors are for different surfactants: blue, green, and
purple are for C16C1, C16C4, and C12C4, respectively. In all cases the droplet is
coated, and is located at D = 6.51 nm. In the left panel we quantify the effect of the
quaternary head group (methyl vs. butyl). The results reveal that when the C16C1
surfactant is used the water molecule experiences a much stronger penalty when it is
transferred into the hydrocarbon film than when C16C4 is used (∼8.2 vs. 6.0 kcal
mol−1). It is likely that the butyl groups on the quaternary head group of C16C4
disturb the water–water hydrogen bond (HB) network in the droplet surface more
strongly than the methyl groups and consequently weaken the water–droplet
effective interactions (as confirmed by results for the pair density profiles of water–
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ammonium and for the average number of HBs formed by a water molecule within
the first hydration shell around ammonium head groups, shown in Figure A19. This
suggests that the surfactants with the butyl tripod on the quaternary head group might
be more capable of delaying hydrate growth when coalescence occurs. In addition, as
discussed above, it is difficult to displace the tripod of these alkyl groups from/on the
hydrate surface. Both these observations suggest that the AA performance of C16C4
is much better than that of the C16C1.

Figure A18. The same as Figure A16 for droplets coated with C16C1 (blue), C16C4 (green), and C12C4
(purple). In all cases the distance D between the hydrate particle and the water droplet is 6.51 nm.

Figure A19. Pair density for the water oxygen – ammonium head group pairs in the droplet coated
with C16C1 (red), C16C4 (blue), and C12C4 (green). The results of average number of the water –
water hydrogen bonds per water molecule in the first shell around ammonium head groups
(represented by the region between two dashed lines) for each surfactant used are shown.
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In the right panel of Figure A18 we compare the PMF profiles obtained in the
presence of surfactants whose tails are of different lengths (C16C4 vs. C12C4). The
PMF obtained in the presence of C12C4 shows a more intense PMF barrier and a
shallower well as the water molecule approaches the hydrate surface. By analyzing
the orientation of the surfactant hydrophobic tails (see Figure A20) we found that
C12C4 surfactants preferentially maintain their hydrophobic tails parallel to the
hydrate surface; within this configuration, the surfactant tails cover much of the
hydrate particle surface, and hence hinder the water molecule from adsorbing on the
hydrate. Our results suggest that C12C4 surfactants yield a more compact protective
film on the hydrate particle because the length of their hydrophobic tail (∼12.2 Å) is
comparable to that of the solvent considered in our simulations, n-decane, ∼9.97 Å.
Similar effects due to the complementarity between the length of surfactants and the
length of solvent molecules were discussed previously [342]. Our PMF results
combined with analysis just summarized suggest that the water molecule transferred
across the hydrocarbon phase is not favorably adsorbed on the hydrate surface. These
results suggest that C12C4 is a more effective AA than C16C4, which is consistent
with the experimental results [296]. Our results seem to be consistent with the
observations reported by Kelland et al. [343], according to which the composition of
the hydrocarbon phase could affect the AA performance. It is possible that
surfactants whose tail length is comparable with the length of the linear
hydrocarbons in the system can act as effective AAs.
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Figure A20. Probability distribution for the angle of the vector connecting the ammonium head group
and the end of the hydrocarbon tail with respect to the surface normal. Results are obtained for C16C4
(blue) and C12C4 (red) surfactants adsorbed on the top of hydrate surface only.

Rate of water transport – diffusion profiles
Analysis of the umbrella sampling trajectories yields estimates regarding the local
diffusion of the tagged water molecule as it desorbs from the water droplet, travels
across the hydrocarbon film, and adsorbs on the hydrate surface. To extract this
information we apply the formalism proposed by Woolf and Roux [344,345]:

where dz is the average position of the harmonically restrained water molecule with
respect to the COM of the hydrate particle along the Z direction, var(dz) = dz2 dz2 is its variance, and τdz is its correlation time, defined as

Representative results for the local diffusion profiles of the tagged water molecule
are shown in Figure A21 (red diamonds), together with the corresponding PMF
profiles (blue squares). The calculations are performed in the presence of C16C1.
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The results in general show that the local diffusivity of the tagged water molecule
decreases as it leaves the water droplet, reaches a minimum and then increases within
the hydrocarbon film, reaching a maximum not far from the hydrate particle. When
the water molecule overcomes the PMF barrier and further approaches the hydrate
surface, its local diffusivity decreases. We observe a sharp peak in the local
diffusivity profiles in correspondence with the local minima of the PMF near the
hydrate surface. This is likely a signature of the ballistic motion of the water
molecule as it approaches the local PMF minimum [346]. Comparing the results
shown in Figure A21 (left vs. right panel), we observe that the local diffusivity of the
tagged water molecule depends on whether the water droplet is covered by the
surfactant, as the diffusion results obtained in contact with the coated droplet (right
panel) are much smaller than those found near the bare droplet (left panel). This
might be a consequence of the quaternary ammonium and chloride ions embedded in
the coated droplet because of the presence of the surfactants [347]. Regarding the
results obtained when the droplet is bare (left panel), we also note that the diffusivity
near the bare droplet (∼2.0 × 10−5 cm2 s−1) is somewhat comparable to the selfdiffusion coefficient of bulk water under similar T and P conditions (1.3 × 10−5 cm2 s−1)
[348]. Comparing the two panels, our results suggest that the tagged water molecule
can diffuse faster within the hydrocarbon phase when the surfactants are present,
probably because their alkyl tails disorder the hydrocarbon fluid, as mentioned above
(note that the local diffusion within the hydrocarbon phase can reach ∼3.5 ×
10−5 cm2 s−1 in the presence of the coated droplet and only 1.8 × 10−5 cm2 s−1 in the
presence of the bare droplet).
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Figure A21. Local diffusion profiles (red diamonds) for the tagged water molecule travelling from the
bare droplet located at D = 5.24 nm (left panel) or from the coated droplet located at D = 6.51 nm
(right panel) to the hydrate particle. The results are obtained in the presence of C16C1. The
corresponding PMF profile is reported using the blue squares.

In Figure A22 we report the corresponding results obtained in the presence of various
surfactants (C16C1, left, C16C4, middle, and C12C4, right). In all cases the water
droplet is coated. The main qualitative features of the profiles have already been
discussed. Varying the surfactant head groups does not seem to affect the local
diffusivity of water. However, when the C16C1 surfactant is used, the tagged water
molecule likely travels faster through the hydrocarbon phase than when the C16C4
and C12C4 surfactants are used. This might be due to the chloride ions, which are
more likely found within the hydrocarbon phase when C16C4 or C12C4 surfactants
are used rather than C16C1. It is possible that the chloride ions effectively hinder the
movement of the tagged water molecule due to strong attractions between water and
ions.
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Figure A22. The same as Figure A21 in the presence of C16C1 (left panel), C16C4 (middle panel)
and C12C4 (right panel).

A5

Conclusions

We conducted steered and equilibrium molecular dynamics simulations to investigate
the coalescence between one water droplet and one hydrate particle within a
hydrocarbon phase. The simulations were conducted in the presence of various
quaternary ammonium chloride surfactants. We quantified the effects due to the
varying alkyl chain length (i.e. n-hexadecyl vs. n-dodecyl tails) and the alkyl groups
on the quaternary head group of the surfactants (e.g. methyl vs. butyl groups). Visual
observation of sequences of simulation snapshots, as well as quantification of force–
distance profiles, indicates that the adsorption of surfactants on both the droplet and
the hydrate particle can hinder the droplet from approaching the hydrate particle,
therefore reducing the probability of agglomeration. The shapes of simulated force–
distance profiles reported in this study are consistent with the ones from macroscopic
experimental data. The results of force–distance profiles obtained from steered
molecular dynamics simulations and free energy profiles for individual water
molecules travelling across the hydrocarbon phase from the water droplet to the
hydrate particle, obtained implementing the umbrella sampling algorithm, both
suggest that surfactants with butyl tripods on the quaternary head group and the alkyl
tail length similar to the solvent molecules could yield good AA performance.
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Analysis of diffusion profiles for an individual water molecule pulled from the
droplet towards the hydrate particle suggests strong effects due to the presence of
surfactants on the local diffusivity of water, which could help understand the
fundamental mechanisms responsible for the performance of AAs under various
conditions of experimental relevance in flow assurance. In particular, our results
suggest that to be effective in flow assurance applications, the AAs should be present
on both hydrate particles and water droplets; they should adhere strongly on the
hydrate particle (for our systems adhesion was provided by the butyl tripod on the
surfactant head groups); they should yield a protective film on the hydrates (this can
occur when the length of the surfactant tails is comparable to that of the hydrocarbon
in the liquid phase). Perhaps unexpectedly, our simulations also suggest that the film
of AAs on the hydrate should be able to prevent the formation of molecularly thin
chains of water molecules connecting the hydrate to an approaching water droplet
because once such a chain is formed, coalescence between the hydrate particle and
the water droplet is inevitable.
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Appendix B.

Convergence of the UB Simulations

The convergence of the UB simulations in Chapter 5 was assessed by comparing the
PMF profiles obtained at different simulation times. The results are shown in Figure
B. It can be seen from Figure B that the PMF profiles converge after 4 ns.

Figure B. PMF profiles obtained for the system with AA tail near the hydrate growing surface (left),
and for the system with the AA removed (right) at different simulation times.
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Appendix C.

Freezing Temperature of n-Dodecane/Methane

mixture

The freezing temperature of n-dodecane/methane mixture was estimated by
monitoring the temperature at which n-dodecane molecules transform from
disordered state (the initial configuration) to an ordered state. Figure C shows the
representative simulation snapshots for the transition of the n-dodecane molecules at
different temperatures.

Figure C. Representative simulation snapshots for the systems with n-dodecane (cyan lines) and
methane (green spheres). Left: the initial configuration; middle: final configuration at 230 K; right:
final configuration at 250 K. The pressure was maintained at 20 MPa. The simulation snapshots
indicate that at 230 K the system becomes frozen, while at 250 K the system is in disordered liquid
state, therefore the freezing temperature is between 230 K and 250 K.

The results in Figure C show that with the molar ratio of n-dodecane/methane
similar to the one for the systems in Chapter 3, the freezing temperature of the
mixture is in the range of [230 – 250 K] at 20 MPa (calculation of the exact value of
the freezing temperature is out of scope of this study). The results confirm that the
interfacial freezing temperature when AAs are present is higher than the freezing
temperature of the mixture, which is consistent with the properties of the interfacial
freezing phenomenon.
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