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1 INTRODUCTION
To this day, over 350 000 chemicals and mixtures of chemicals are registered for
production and use [1], which annual production rate exceeds 108 tons. [2] While chemicals
are essential to our life standards, a non-negligible portion of the produced substances is
released into the environment due to improper handling during their production, usage and
disposal. Environmental exposure is a key contributor to diseases, premature death and the
alteration of ecosystems, chemical pollution is also considered as one of the major factor in
climate change and responsible for disintegration of the biosphere. [3], [4]
Information on emerging compounds has been collected in several databases. For
instance, the CECscreen annotation database [5] contains information on chemicals with
emerging environmental and health concerns, in which over 70 000 structures were
identified, and their Phase I metabolites were simulated, resulting in further 300 000
concerning structures. Another example is the suspect lists of the NORMAN network [6],
[7], developed by a network of reference laboratories, research centers and related
organizations for monitoring of emerging environmental substances database, include over
109 000 emerging substances and pollutants, which have already been detected in
environmental samples, but are not yet monitored. Moreover, even if these contaminants are
identified, the concentration dependence of their effect stays unknown in most cases. [8]
Recently, multiple programs and strategies, such as REACH [9], [10] and Tox21c [11], were
established for better understanding of the biochemical interference and biopersistence of
environmental pollutants.
It is clear that the physicochemical properties of the present chemicals are
multifarious, thus it is necessary to label, classify and predict their mode of toxic action
(MOA) in order to understand their toxicological properties for accurate environmental risk
assessment. [12] Veerhar classified organic pollutants based on their physicochemical and
structural properties into four classes, which are the (1) baseline chemicals causing narcosis;
the (2) more toxic compounds leading to polar narcosis; the (3) reactive compounds with
enhanced toxicities; and the (4) specifically acting chemicals leading to receptor mediated
toxicity. [8], [13]–[15] As the majority of industrial chemicals were not designed to interfere
with biological activities, aside from reactive chemicals, industrial compounds generally
lack the structural attributes to initiate specific toxic pathways. This places the majority of
industrial compounds into the first two categories of the Veerhar classification scheme. [16]–
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[20] Even if these chemicals cannot bind selectively to biological receptors, they are able to
interact with biological membranes through weaker and reversible hydroapatic interactions.
[16]–[20]
Firstly Meyer and Overton related the effects of narcosis to the hydroapatic
partitioning of compounds, in the lipoid theory of narcosis, [21], [22] which was later linked
to their octanol-water partition coefficient (logKOW). [18], [23] Substituted hydrocarbons,
such as alkanes, alcohols, esters or halogenated benzenes compose mainly the first class of
Veerhar’s scheme. [13] The MOA of these chemicals is via narcosis, which is the nonspecific toxic action on the cell membranes, leading to the reversible disruption of its
functions. [16], [24] In the cases of first class chemicals, a linear relationship can be observed
between their logKOW and toxicity. [13] The polar narcotics in the second Veerhar’s class
are substituted phenols, anilines, nitrobenzenes, pyridines and amines of which target site is
still the cell membrane. At the same time their toxicity is higher compared to narcotics, as
they possess numerous hydrogen bond acceptors and donors, which helps in establishing
interactions with the phospholipids of the cell membrane. [13], [15] In these cases, instead
of logKOW, the membrane-water partition coefficient (logKmem-bulk) correlates with the MOA.
[13], [25]
Even if narcosis is defined as the perturbation of membrane structure, there is still no
precise description of its mechanism. While it is clear, that narcotic chemicals accumulate
within biological membranes, the exact cause of toxicity is still undefined. [24] According
to Mullins if the volume fraction (V/V) of a narcotic compound in the membrane is higher
than 0.003, narcosis will occur. [26] Even if by now more complex theories have been
developed, the volume fraction theory still remains as a useful tool to understand the
membrane affecting phenomena of substances. [27], [28]
For the support of environmental and toxicological sciences, logKOW, logKmem-bulk
and other properties of less-known, chemically inert industrial compounds can be
characterized while their hydroapatic partitioning can be inspected, all by using the modern
tools of computational chemistry. [29]–[32]

1.1 BIOLOGICAL MEMBRANES
1.1.1 Structure of Biological Membranes
Biological membranes are semi-permeable structures present in all living organisms.
Every living cell use membranes to control the movement of biomolecules, to define its
physical boundaries and to defend itself from harmful compounds coming from
2

environment. Their thickness is around 30-100 Å (3-10 nm). [33], [34] As being the borders
of cells, they must have specific characteristics: they must be sturdy and selective but still
flexible and permeable enough to communicate and adapt to the conditions of the
surrounding environment. [35] The fluid mosaic model (Figure 1), proposed by Singer and
Nicholson in 1972 [36] was one of the first models regarding the structure of cell membranes.
It suggests that the base of a biological membrane is composed of a phospholipid bilayer,
which provides the necessary fluidity and elasticity, and within, protein molecules are
embedded in the presence of a small amount of carbohydrates and cholesterol.

Figure 1 Singer-Nicholson model of biological membranes

A typical membrane can consist of several hundreds of different types of lipids and
proteins. [37] In eukaryotic cells phosphatidylcholine (PC) is the most commonly found
headgroup type for phospholipids (~50%), but others, like phosphatidylserine,
phosphatidylethanolamine, sphingomyelins and cholesterol can also be found as membrane
components. [38], [39] In terms of lipid chains several different types can be observed in
cells, which can be characterized by their length, degree of unsaturation and branching. [40],
[41]
Even though the variety of membrane lipids is enormous, they possess a critical
common structural motif: they are amphipathic molecules, meaning they are built up by
hydroapatic fatty acid tails and a hydrophilic headgroup. [42], [43] The balanced interactions
of the membrane lipids maintain the conformation of lipid bilayers: weak interactions
between lipid tails and water, van der Waals interactions between the tails and strong
electrostatic and hydrogen bonding forces between headgroups and water. [28], [42], [44]
For these reasons water and membrane/water interfaces are just as critical to the
cellular functions and stability, as lipids. Water influences stability, fluidity and phase
behavior of phospholipid membranes, and also has a crucial role in the electric properties of
3

the bilayer. [45], [46] Both experiments and molecular simulations have shown that water
molecules lose their bulk-like nature near membrane surfaces, [47]–[50] as their translational
mobility and rotational entropy decrease when their interactions with the lipid headgroups
become stronger, [51] which means that different interfacial water regions belong to different
membrane compositions. [45], [52] The hydrating water molecules form an ordered,
typically 1-2.5 nm thick stable layer (maximum 5 layers of structured water) at the
membrane interface [45], where adjacent water molecules are oriented by the headgroups as
the dipoles of individual water molecules are aligned counter to the bilayer dipole. [46]
These layers are stable enough to present multiple energy barriers to approaching nanoscale
objects. [48], [53] Preferred molecular orientations can capture most of the structural
features of these interfacial layers and can be used for defining interfacial sublayers. The
orientation of molecules relative to a macroscopic membrane/water interface can be
analyzed in terms of their orientation statistics. [54]–[56]
As phospholipids being major component of the membrane, there are many
experimental methods to quantify their structural and dynamic parameters. [57] X-ray
scattering can be used to define the electron density profiles (EDP) of bilayers to gain insight
into the inner structure and thickness (DHH) of a membrane. [58] Molecular-level structure
and dynamics can be studied using nuclear magnetic resonance (NMR) with isotopically
labeled lipids to investigate headgroup and chain orientation with respect to the bilayer
normal, and to define the deuterium order parameter (SCD) for lipids with fully deuterated
acyl chains. [59], [60] This parameter provides general information on lipid chain order,
fluidity and phase changes. NMR can also be used to investigate the dynamic motions in
bilayers using 13C [61] and 31P isotopes. [62] Vibrational sum frequency generation (VSFG)
[63] and Raman microscopy [64] can be used to probe bilayer surfaces. Although
experimental techniques offer a detailed description of lipid bilayers, many of these require
models to interpret results (X-ray, NMR or VSFG measurements). [65], [66]
The molecular dynamics (MD) simulation of lipid bilayers has contributed a great
deal to the understanding of the structure and dynamics of lipid bilayers since its inception
made in the late 1980s. [66]–[70] By the late 1990s it became possible to simulate bilayers
built from hundreds of lipids, for tens of nanoseconds. These extensions enabled the
computation of several dynamic properties, [71] which can be directly compared to
experimentally available values, such as SCD. The quality of agreement between simulated
and measured carbon-deuterium order parameters since then became a standard metric for
the validation of simulations and lipid force fields. [72]–[74] In 2005 Benz et al.
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demonstrated that EDPs can be obtained directly from all-atom simulations providing easily
comparable results with X-ray scattering data. [75] The growth of the system size enabled
the calculation of membrane undulations and area compressibility, which are important
elastic properties of biological membranes. [76], [77] The outcome of these results
challenged the MD community and developers to create better representation for the
interatomic interactions (force fields) and for computational methods that can reproduce
experimental data. [72], [78], [79]
1.1.2 Passive Transport Phenomena
While several significant membrane transport processes involve special proteins, small
uncharged molecules, such as water, oxygen or urea, can permeate the cell membrane
without any regulatory mechanism in an acceptable rate, via passive diffusion. While this
basal permeation has a great importance in establishing osmotic balance, it can also lead to
the penetration of narcotics which can promote the loss of cell functions. [31], [80]–[82]

Figure 2 Inhomogeneous solubility-diffusion model of lipid bilayers

A key property of the passive transport of an investigated substance is its partitioning
between water and membrane phases which is affected by the kinetics and thermodynamics
of the specific permeation process. [57], [83], [84] Nowadays membrane permeation is
conceptualized by the ‘inhomogeneous solubility-diffusion model’ (Figure 2), which
divides the lipid bilayer into four distinctive regions in a single leaflet: low headgroup
density (Perturbed water phase), high headgroup density (Interphase), high tail density (Soft
polymer phase) and low tail density regions (Decane phase). Each region has different
properties, thus different resistance to the permeants, while all are separated by rough
interfaces especially at the water/membrane interface. [81]–[83], [85], [86]
5

In this model [67], [85] the first two regions belong to the interface of the membrane,
while the latter two describe the membrane interior. The perturbed water region is dominated
by the interactions of the water molecules, where their behavior can be described as bulk
water, and has the least effect on the permeation processes. In the interphase the water
molecules are bound to the atoms of the lipid headgroups, and therefore their diffusion is
coupled. As a result, this region presents a large barrier for most molecules.
In the membrane interior, starting from the high viscosity soft polymer region, a
negligible amount of water molecules is present. This means that the last remaining
hydrogen bonds with water molecules needs to be broken up and solely short-range
electrostatic interactions can be established with the present carbonyl groups. Due to the high
density of lipid tails the membrane behavior is fluid-like and it has high viscosity and
minimal free volume. This region is considered as the main resistance to the permeation of
water and additional small molecules. In the central region the lipid density drops, the tails
are more disordered and large “free volume pockets” are present, compared to the previous
regions. [67], [85]
Small molecule membrane interactions can be classified as adsorption and permeation
across the membrane. During adsorption the molecule interacts with the membrane at the
water-lipid interface and the molecule changes its state from being solvated to being
reversibly bound to the membrane surface. In contrast, membrane permeation is a process,
when the molecules from the solvated phase move through the lipophilic (hydroapathic) core
to the other side of the membrane. [87] The penetration of molecules through biomembranes
also plays essential role in drug intake [87], [88], therefore empirical guidelines have been
set up in the field of pharmaceutical research. ‘Lipinski’s rule of five’ is used to evaluate the
druglikeliness of a chemical species. Aside from specifying the criteria of a drug-like
molecule, it also describes the major determinants of passive permeability, which are
lipophilicity, polarity, but mainly size and the hydrogen bond donor properties. [89]–[92]
From this aspect, most drugs and environmental pollutants share similarities regarding their
ability to act as permeants thus the rule could also be applied in this field.
1.1.3 Modeling Membrane Systems
Due to the high complexity of biomembranes, they are most commonly studied by
using model membranes, which compose of the most relevant lipids found in the membrane
of interest. Reducing the complexity of the investigated system not only helps in carrying
out the simulations, but also gives opportunity to systematically investigate the effects of
different factors separately, such as pH, temperature or pressure, for the small molecule6

membrane interactions. By simplifying the investigated systems it also helps in a more direct
comparison of the penetration and binding abilities of compounds with varying properties.
[83], [87]
For modeling mammalian plasma membranes the most commonly used lipids are
neutral phospholipids, such as 1,2-dipalmytoil-sn-glycero-3-phosphatidylcholine (DPPC,
shown in Figure 3) which is one of the most abundant species. [93]

Figure 3 2D structure of a DPPC molecule

Besides the building blocks of the model membranes, its thermophysical state is also
important since. Bilayers can be found in nature in a variety of phases such as subgel (LC),
gel (Lβ’), rippled (Pβ’) or the liquid crystalline (Lα, fluid) states. Each phase has different
characteristic molecular arrangements which can be described with a set of structural
properties, such as area per lipid (APL), membrane thickness or the order parameter of the
lipid tails. For understanding small molecule membrane interactions the most relevant state
of the membrane is the fluid phase. [87], [94], [95]
Phase transitions represent a structural rearrangement of the bilayer. Phase transitions
can be induced by the changes in environmental factors, such as temperature and pressure,
hydration or pH. [87], [94], [95] At the same time the interaction of narcotics and small
molecules with membranes can also induce the phase transition of membranes, shift the
fluid-to-gel transition temperature and broaden the temperature range of the phase transition.
[28], [87] As the balanced interactions of the phospholipids are disturbed by the adsorption
of compounds on the membrane-water interface the attractions between the phospholipid
tails become more dominant and interdigitation of lipid tails may occur, and a monolayer
might form. [96], [97] The disruption of water molecules around the bilayer and the
penetration of additional molecules can change the membrane properties, such as fluidity,
which can also disturb the functioning of lipids and proteins. [28], [87]
1.1.4 Biological Membranes and Small Molecule Interactions Inspected by Molecular
Dynamics Simulations
Molecular Dynamics (MD) is a powerful tool to describe and understand the time
evolution of a computational model of a complex chemical (biochemical) system. In the case
7

of classical MD simulations the interatomic interactions are described by force fields – which
are mathematical expressions describing the dependence of the systems’ potential energy on
the atomic positions –, and atomic motions with the Newtonian equations of motion. [98]
MD enables a thorough view of structure and dynamics of the simulated system and can
provide relevant details which would be either inaccessible or expensive and time consuming
via current experiments. [99] In the case of biological membranes several studies have been
carried out recently with the help of MD to describe the structure and understand the phase
transitions of membrane models of different lipid compositions [100], [101]; the selfassembly of bilayers [102], [103]; the effect of ions [104]; interactions with proteins [105],
[106]; the permeation of small molecules. [84], [107]–[110]
While the structural changes of such processes can be understood via the analysis of
general membrane parameters [111], [112], the energetic properties of the interactions
remain hidden. The partitioning and preferred position of a molecule interacting with the
membrane – like in the case of membrane penetration – can be determined by a free energy
profile along the bilayer normal, under controlled condition (e.g. temperature and pressure),
where the change in the free energy provides a clear view whether a penetration process is
thermodynamically and kinetically favorable or not. [113], [114] To obtain the free energy
profile of such process classical MD simulations may not be well suited, as high free energy
barriers restrict the detailed sampling of the entire configuration space as the system is likely
to be found trapped in local free energy minima. Thus enhanced sampling algorithms were
developed which bias the system towards high energy regions which would be hard to access
otherwise [107], [115] such as umbrella sampling [116], adaptive biasing [117],
thermodynamic integration [118], metadynamics [119], [120] and its improved version,
well-tempered metadynamics. [121]
While permeability coefficients are experimentally accessible, the mechanism of
penetration is not observable, as the local membrane-solute interactions are difficult to probe
and also the kinetics of the process stays unknown. [31], [82] In contrast, modern molecular
dynamics (MD) simulations provide a detailed view of both the interactions and the kinetics
of the process. By now molecular simulations have been successfully used to describe the
general mechanism of passive transport across membranes in atomic resolution. [31], [32],
[84], [122] The key is to obtain the free energy profile along the membrane normal which
can provide a quantitative description on the energetics and the structural preferences of the
penetrating molecules in the passive transport. [83], [113], [114]
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1.2 SPECIES FROM THE CLASSICAL CHEMICAL INDUSTRIAL ERA. PASSIVE
MEMBRANE PERMEATION OF 1,4-DIOXANE, MORPHOLINE, OXANE AND
PHENOL
Aromatic hydrocarbons are present in several classical industrial processes. The family
of these molecules is diverse and includes species such as polyaromatic hydrocarbons
(PAHs), chlorinated aromatic hydrocarbons, furans and also the less focused nitrogen, sulfur
or oxygen containing heterocyclic hydrocarbons (NSO-HETs). [123] The presence of
heteroatoms makes these compounds more water soluble and mobile compared to their
homocyclic analogues [124], fulfilling ‘Lipinski’s rule of five’, leading to a lasting and easily
spreading contamination in industrial sites [125] and also an enhanced risk of contaminated
drinking water resources. [126],[123] NSO-HETs have been regarded as emerging
contaminants by the European Union’s NORMAN network as of their increasing concern in
different areas. [7] Selected PAHs, benzene, toluene, ethylbenzene, xylene and phenols are
often monitored in polluted groundwater sites, but other NSO-HETs are frequently not
measured, potentially because of the absent data on their human- and ecotoxicological effect
for adequate risk assessments. Still the knowledge on their mode of interaction with cells
and their way of toxicity is insufficient.
Due the lipophilic nature of NSO-HET the primary site of their toxicity is the cell
membrane. [127]–[131] Accumulation of compounds in the membrane may lead to the
alteration of the membrane structure and function, [132], [133] which can lead to the
penetration of additional molecules. [134]–[136] At the same time several NSO-HETs are
suspected or proven to be embryotoxic [137] or carcinogenic [123], [124], [138], which
means that they must be able to permeate into the cell interior to inflict these effects.
Table 1 Properties of the investigated cyclic compounds: 1,4-dioxane, oxane, morpholine and
phenol. All data were obtained from [139] if not indicated else. The abbreviations are the following:
M is molecular mass, S is solubility, logKOW is the octanol-water partition coefficient, μ is the electric
dipole moment, ρ is the density and Ndonors and Nacceptors are the hydrogen bond donors and acceptors,
respectively.
Name

Molecular
formula

M
(g/mol)

S (g/l)

log KOW

μ (D)

ρ
(g/cm3)

Ndonors

Nacceptors

1.4-dioxane

C4H8O2

88.11

miscible

-0.27

0

1.03

0

2

Oxane

C5H10O

86.134

80.2

0.95

1.74 [140]

0.88

0

1

Morpholine

C4H9NO

87.122

miscible

-0.86

1.48 [141]

1.02

1

2

Phenol

C6H5OH

94.113

82.8

1.46

1.224

1.07

1

1
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1,4-dioxane, morpholine, oxane and phenol are industrially applied NSO-HET
molecules (Figure 4) which are able to passively permeate inside biomembranes, since their
properties fulfill Lipinski’s rule of five, as collected in Table 1. In contrast with their wide
usage, their behavior in the vicinity of biomembranes, the kinetics of their penetration and
their membrane altering effects are yet to be understood. As homo- and heterocycles are
suggested to be able to penetrate inside bilayers and alter their properties, they can be
considered as possible narcotics, which can be investigated by using model membranes and
molecular dynamics simulations. My goal with this study was to broaden the knowledge on
the possible risks these compounds promote on biomembranes, using DPPC composed
model membrane systems and molecular dynamics simulations.

Figure 4 Schematic figure of the investigated NSO-HETs, 1,4-dioxane, oxane, morpholine and
phenol.

Phenol is a widely used chemical and intermediate such as in the production of food
additives, energy, fine chemicals or phenolic resins just to name a few. [142], [143] The
production of phenol is increasing at a yearly average rate of 1.8% since 2010, but is still
unable to meet the consumption needs. Phenol is present in the effluents of various industries
with high concentration up to several thousand mg/L and it contaminates the surface and
groundwater. [144] The Environmental Protection Agency (EPA) considers phenol as a
priority pollutant because of its high toxicity and ability to accumulate in the environment.
At the same time the discharge of phenol without treatment is a serious threat to human
health as it irritates the human skin, eye and mucous membranes, and severe cases of chronic
exposure leads to coma and respiratory arrest. [145]–[148]
Oxane (tetrahydropyran, THP) is a cyclic ether, and a core structure of several
biomolecules such as glucose or ribose and is found as an intermediate during the low10

temperature oxidation of alkenes. THP is nowadays tested as a next generation heterocyclic
oxygenated fuel [149] widely used in petrochemical and pharmaceutical industries, and for
the synthesis of biologically active compounds, thus it is expected that its concentration in
the environment will grow in the future. [150]–[155]
1,4-dioxane was used as a stabilizing agent for chlorinated solvents, such as 1,1,1trichloroethane (TCA) before the restrictions of the Montreal Convention. Nowadays, it is
used as an industrial solvent and appears as a side product of industrial processes like the
production of organic compounds, disinfectants, cooling liquids and hygienic products.
[156], [157] Contamination caused by 1,4-dioxane has been detected in different areas
worldwide, from surface- and groundwater to landfills, due to industrial waste and
wastewater and illegal dumping. [157]–[159] 1,4-dioxane has several health effects and it is
considered as a B2 type ‘Probable human carcinogen’. [157], [160]
Morpholine is a cyclic secondary amine which is used widely in the industry like in
pharmacology, as a vulcanization accelerator, as a coating for fruits or as an emulsifier in
the food industry. [161]–[163] Morpholine is highly soluble in water and a large amount is
released into the environment via industrial effluents which leaks into groundwater and
drinking water sources. [164] Only a restricted strains of bacteria is able to degrade and
utilize it as a sole source of carbon, nitrogen and energy. [164]–[167] It is severely dangerous
to humans as it is irritating to the eyes, skin and mucous membranes. [161], [162] Animal
studies have shown that it induces stomach and intestine hemorrhage. [163]

1.3 SPECIES FROM THE POTENTIAL FUTURE OF CHEMICAL SYNTHESES. THE
CASE OF THE CO2 – 1,3-BUTADIENE REACTION
Carbon dioxide is one of the main contributors to global warming. Its constantly rising
levels are a result of anthropogenic emissions, such as transportation, energy or food
production. Regulating its emissions and decreasing its atmospheric concentration is an
urgent concern of humanity. While on one hand carbon dioxide is a dangerous byproduct of
fossil fuel combustion, on the other hand it has excellent properties as an eco-friendly carbon
and oxygen source, thus its chemical fixation could be a favored strategy for attenuating its
rising levels. As a chemical for synthesis it has several practical advantages, such as
abundance, availability, economic efficiency and lack of toxicity. [168]–[173] At the same
time it is hard to utilize it in industrial processes as a raw material, because carbon is found
in the most oxidized state in CO2. As a result reactions of carbon dioxide is chemically highly
inert and must be combined with a high-energy reactant to gain a thermodynamic driving
force. [168], [174]–[178]
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Olefins are widely used as co-reagents since the high energy density of their carbon–
carbon double bonds leads to high reactivity.[179] The five most important synthetic
polymers - low-density polyethylene, high-density polyethylene, polyvinyl chloride,
polystyrene, polypropylene and polyethylene terephthalate - are all made by olefins via C-C
bond formations. [180], [181]

Figure 5 2D image of the products of the CO2-1,3-butadiene reaction. [179] The simplified names
of the molecules indicated next to the structures are used throughout this study.

So far several studies have focused on the catalytic coupling of carbon dioxide with
olefins to form useful products. [182]–[186] Out of these reactions, one of the most
promising is the telomerisation of CO2 with 1,3-butadiene. 1,3-butadiene is a component of
the C4 fraction of oil cracking, and widely applied in the rubber industry as a major
monomer. [187] Alternatively, 1,3-butadiene can also be derived from succinic acid, which
is ranked as one of the top 12 biomass platform compounds best suited to replace
petrochemicals. [188], [189] The reaction of CO2 and 1,3-butadiene results in the synthesis
of a highly functionalized δ-lactone, 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL,
Figure 5). [169], [174], [175], [179], [190], [191] As EVL has both internal and terminal
carbon-carbon double bonds, it could be converted into several products of industrial
relevance, [175], [192] thus functional polymers made from CO2 and 1,3-butadiene is a
promising technology of great interest. [170] Efforts have been made to improve the
conversion rate and selectivity of the reaction for EVL formation. [169], [174], [179], [193],
[194] At the same time about a 14% yield of side products appear during the reaction, such
as a covalent butadiene dimer (octa-1,3,7-triene, BDDI), acids (2-vinylhepta-4,6-dienoic
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acid, AC1 and 2-ethylhepta-4,6-dienoic acid, AC2) and other lactones composed of five
membered

heterocycles

(3-ethylidene-2-methylene-5-(prop-1-en-1-yl)-dihydrofuran,

LAC2; 3-ethyl-5-propylidenefuran-2-on, LAC3) (Figure 5). [170], [175], [179] Aside from
the known reaction of 1,3-butadiene and CO2, there is a lack of information in previous
studies on the products, either their pure liquid properties or their environmental effects. At
the same time, several methods exist to predict the properties of molecules, as shown in
Table 2. Based on these predicted data, all molecules of the investigated reaction are able to
permeate into membrane bilayers based on Lipinski’s rule of five.
Table 2 Pure liquid properties of the products of the CO2 – 1,3-butadiene reaction. Chemicalize [195]
was used for the prediction of water solubility and logK OW, and ACD/Labs Percepta Platform –
PhysChem Module [196] for the prediction of logKOW, density and boiling point. The permanent
dipole moment of the molecules was calculated by Gaussian 09 [197], at B3LYP/6-31G(d) [198],
[199] level of theory.

Short
Name

EVL

Molecular
formula

C9H12O2

Molecular
weight
(g/mol)

152.19

Water
solubility
(g/l) [195]

2.044

log KOW

1.601
[196]
2.456
[195]

Dipole
moment
(D)

Density
(g/cm3)
[196]

Number
of
hydrogen
bond
donors

Number
of
hydrogen
bond
acceptors

4.452

1.2±0.1

0

2

4.893

1.2±0.1

0

2

4.439

1.1±0.1

0

2

0.207

0.7±0.1

0

0

1.348

1.0±0.1

1

2

1.972

no
predicted
properties

1

2

1.710
[196]
LAC2

LAC3

BDDI

C9H12O2

C9H12O2

C8H12

152.19

152.19

108.184

1.774

0.449

0.043

2.398
[195]
1.990
[196]
2.554
[195]
3.180
[196]
3.050
[195]
1.960
[196]

AC1

C9H12O2

152.19

0.542

AC2

C9H12O2

152.19

0.332

2.273
[195]
2.427
[195]

The goal of this study was to provide a first estimation of the pure liquid properties of
the products of the CO2-1,3-butadiene reaction by using classical molecular dynamics
simulations combined with OPLS-AA force fields. As the interaction of these molecules
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with biological membranes is not yet understood, our further goal is to understand the effects
of these potential pollutants on biomembrane systems by using MD and WT-MD.

1.4 THE VAPOR-LIQUID EQUILIBRIA AND SUPERCRITICAL PHASE OF 1,3BUTADIENE
In the previous section the products of the highly investigated reaction of 1,3-butadiene
and CO2 reaction were introduced. This reaction faces several hardships for setting the
proper environment to reach high selectivity rate for the preferred product, EVL. To be able
to reduce or eliminate the amount of added solvents, the use of supercritical CO2 would be
beneficial for this reaction. Solvents are often the major (by mass) component in process
chemistry, especially in the case of multi-step manufacturing, where the number of reactions
additionally contribute to the overall solvent need. [200], [201] They can also promote the
desired equilibrium position, adapt the kinetic profile of the reaction and influence the
product selectivity. [202]
Physicochemical properties of supercritical fluids (SCFs) such as density, diffusivity,
viscosity and dielectric constant can be modified on a large scale by changing the pressure
and/or temperature, therefore SCFs can be used broadly as reaction media and their
application can also allow selective and faster extraction in separation processes. [203]–
[211] These features make SCFs an attractive alternative to liquid solvents, while collecting
experimental data from these extreme conditions can be challenging due to the increased
hazards and the need of specialized equipment, where a wide range of variables are needed
to be investigated. [210]
As an alternative to experimental methods, molecular dynamics simulations can make
an efficient tool to study the local structure of not only liquids [212]–[214] gases[212], [215]
and the vapor-liquid equilibria (VLE) [216]–[220], but also SCFs. [210], [221] The great
advantage of MD is that it can be applied successfully to a wide range of physical conditions
if the validity of the force field parameters are carefully checked. [210] The analyses of the
results provide molecular level understanding of the solvent behavior in the investigated
phases which would be either inaccessible or expensive and time consuming via
experiments. [99], [210]
In my work an important raw material for the synthesis of different polymers,
cycloalkanes and –alkenes, 1,3-butadiene is investigated structurally and thermochemically
from the VLE to the supercritical phase by means of classical molecular dynamics
simulations. The critical properties of the molecular system have been obtained through four
different methods, based on density, potential energy, surface tension and specific surface
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area, which have been compared and evaluated. This work also proposes a method to
distinguish liquid, vapor and ‘phase transferring’ molecules in the VLE.
As accurate models for supercritical CO2 are already published [222]–[224], the
simulation of the binary mixture of 1,3-butadiene and CO2 under supercritical conditions is
only one step away, which may help to promote a possibly more environmentally friendly
alternative for this reaction.

1.5 MOTIVATION OF THIS THESIS
Due to this day, several xenobiotics are emitted into the environment without proper
handling and understanding the dangers they can pose to biological entities. The motivation
of my work was to better understand the pollution mechanism of potential environmental
pollutants on biological membranes, and to promote the development of greener
technologies by using molecular dynamics simulations. Even if using the means of MD for
these problems is still in the early stage, understanding molecular processes can be of great
help to broaden the knowledge on pollution pathways, classify chemicals based on their
membrane altering effects and to help in setting up environmental risk assessments. At the
same time modern computational methods also provide atomistic level of understanding of
hardly accessible chemical states. By using these information, chemical processes can be
optimized for higher selectivity or lower solvent usage, in order to reduce the amount of
unwanted side products and prevent the production of further environmental pollutants.
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2 METHODS
2.1 MOLECULAR DYNAMICS SIMULATIONS
Molecular simulations based on detailed atomistic models and realistic microscopic
interactions represent a powerful tool to gain insight into the structure and dynamics of
complex molecular systems and to understand the microscopic origin of a given phenomena.
[225], [226] Simulations are frequently used supporting experimental studies to help
interpret results and to further guide the research. [227], [228] Just to mention a few
examples of the advances of MD, in 2013 1 ms (106 ns) of simulation have been carried out
to understand the folding mechanism of ubiquitin in the presence of explicit solvent
molecules. [229] By 2015 an enveloped influenza virion in explicit solvent was also
examined on a microsecond timescale. [230] In 2017 Shibuta et al. have managed to simulate
over 109 atoms for 2 ns to further understand the solidification of pure metal. [231] In 2021
the whole SARS-CoV-2 virion was modelled by Nguyen et al.. [232]
2.1.1 Parameterization and Calculation of the Potential Energy
Force fields (FF) are mathematical expressions and the corresponding parameters
describing the dependence of the systems’ potential energy on the coordinates of its particles.
The mathematical expressions are chosen in such a way that they can provide an accurate
description of the potential energy surface and the number of parameters are minimal and as
universal as possible. FF parameters can be obtained from fitting to results of high level ab
initio or semi-empirical quantum mechanical calculations or using experimental data from
neutron, X-ray or electron diffraction, NMR, infrared, Raman or neutron spectroscopy. [78],
[225], [233] Although the potential energy (Epot) can be constructed in several ways, the
summation of the intra- and intermolecular interactions affecting each atom was expressed
by the following formula in this work:
𝐸𝑝𝑜𝑡 = 𝐸𝑠𝑡𝑟 + 𝐸𝑎𝑛𝑔𝑙𝑒𝑠 + 𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 + 𝐸𝑣𝑑𝑊 + 𝐸𝑒𝑙𝑒

𝐸𝑞. 1

, where the first four terms refer to intramolecular contributions to the total energy (Estr: bond
stretching, Eangles: angle bending and Etorsion: dihedral), and the last two terms refer to the van
der Waals (EvdW) and Coulombic (Eele) interactions (Figure 6).
In the following sections the general form of the intra- and intermolecular terms will
be shown, as included in the CHARMM36 [72] force field.
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Figure 6 Schematic figure of the potential energy terms: stretching, bending, torsion and
intermolecular interactions

2.1.1.1 Intramolecular energy terms
Intramolecular interactions represent a set of bonded interactions within a molecule
from 1,2 to 1,4 interactions (Figure 6). Bond stretching is usually represented with a
harmonic function:
𝐸𝑠𝑡𝑟 = ∑ 𝑘𝑏 (𝑏 − 𝑏0 )2

𝐸𝑞. 2

𝑏𝑜𝑛𝑑𝑠

, where kb is a force constant representing the strength of the bond, b is the actual
distance between two covalently connected atoms and b0 is the equilibrium distance between
them. While harmonic constants are computationally cheap to calculate, additionally their
usage prevents the breaking of bonds, making classical MD simulations unsuitable for
modeling chemical reactions. [225]
Angle bending is also assumed to be a harmonic potential:
𝐸𝑎𝑛𝑔𝑙𝑒 = ∑ 𝑘𝛩 (𝛩 − 𝛩0 )2

𝐸𝑞. 3

𝑎𝑛𝑔𝑙𝑒𝑠

, where kΘ is a force constant specific for the angle (Θ) between two covalent bonds with a
common atom with an equilibrium value of Θ0.
For molecules building up from more than 3 atoms in a row a torsional or dihedral
term needs to be included to be able to reproduce conformational changes. Torsional energy
is usually represented by a Fourier cosine series expression:
𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =

∑

𝑘𝛷 [1 + cos(𝑛𝛷 − 𝛿) ]

𝐸𝑞. 4

𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

, where Φ is the torsional angle, δ is the phase of the dihedral term, n represents the
multiplicity, and kΦ defines the force constant.
2.1.1.2 Representation of non-covalent interactions
Non-bonded interactions describe connections between atoms within a molecule, or
between atoms of different molecules. These generally comprise van der Waals and
electrostatic interactions. Non-bonded interactions within a molecule are accounted if the
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atoms are separated by at least four bonds. Due to small distances potential energy could
become strongly repulsive or attractive, so interactions between 1,2 or 1,3 pairs are
considered to be already described by the intramolecular terms. In the case of 1,4 interactions
some force fields introduce a scaling factor or exclude it from the calculations as a nonbonded interaction, as the size of the repulsive and attractive Lennard-Jones terms would
make the simulation unstable. [226]

Figure 7 Lenard-Jones pair potential of two carbon atoms from the CGenFF force field showing the
repulsion and attractive components of the function

Repulsive and attractive dispersive interactions at short distances are most commonly
treated with 12-6 Lennard-Jones (LJ) terms:
𝐸𝑣𝑑𝑊 =

∑

4𝜋𝜀𝑖𝑘 ((

𝑖≠𝑘
𝑓𝑜𝑟 𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑

𝜎𝑖𝑘 12
𝜎𝑖𝑘 6
) −( ) )
𝑟𝑖𝑘
𝑟𝑖𝑘

𝐸𝑞. 5

, where rik is the distance between non-bonded particle i and k, ik is the distance at which
the particle-particle potential energy is zero and εik is the depth of the potential well. In the
equation the first part resembles to the repulsion due to the overlap of the electron clouds
and the second part to the attractive component of the interaction (Figure 7). In the case of
heteroatomic interactions εik and σik are often treated with the empirical Lorentz-Berthelot
combining rule:
𝜀𝑖𝑘 = √𝜀𝑖𝑖 ∙ 𝜀𝑘𝑘

𝐸𝑞. 6

𝜎𝑖𝑖 + 𝜎𝑘𝑘
2

𝐸𝑞. 7

𝜎𝑖𝑘 =

Electrostatic interactions are most often included by using the Coulombic term:
𝑞𝑖 𝑞𝑘
𝐸𝑒𝑙𝑒 =
∑
𝐸𝑞. 8
4𝜋𝜀𝐷 𝑟𝑖𝑘
𝑖≠𝑘
𝑓𝑜𝑟 𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑
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, where qi and qk are static point charges located at the non-bonded atomic nuclei or at
charged non-atomic interaction sites (e.g. in the case of additional dummy atoms of water
models) which are rik distance from each other and εD is the dielectric constant which equals
as one in simulations using explicit solvent. Though electron density distribution can be
obtained with high accuracy from quantum-mechanical methods, it is not trivial to reduce it
to point charges used in MD. [226] Also, as electrostatic interactions are the longest-ranged
interaction types, they require a special treatment throughout force evaluation such as Ewald
summation [234] [235], which will be discussed later.
Basically, the potential energy surface is defined by the connectivity of the atoms in
molecules presented in the system of interest and a corresponding set of geometrical (b0, 𝛩0 ,
Φ, δ, n, 0 , ii), charge (qi) parameters as well as force constants (k0, kΦ, 𝑘 ) and an energy
value (εii). Most of the cases, the different force fields (e.g. CHARMM, OPLS-AA) mean
different parameter values.
2.1.1.3 Water Models
Since aqueous environment is generally presented in systems of interest and water
itself has special physicochemical features, distinguished attention is taken for its
appropriate representation in MD simulations. The most accurate method is using its explicit
representation, in the expense of further increasing the size of the simulated systems. [233]
Other types of solvent representations are also available, like implicit solvent models [236],
[237] or coarse-grained methods [238], [239] to gain speed in expense of accuracy.
Regardless the selection of the water model, it must be compatible with the force field
representation of the non-water species for the appropriate treatment of the solute-solute,
solvent-solute, solvent-solvent interactions [240]. Explicit solvent models can be classified
by the number of interaction sites (Figure 8), by being rigid or flexible, and polarizable.

Figure 8 General arrangement of 3-6 interaction-site containing water models

The classical TIP3P water model involves 3 interaction sites with a rigid body, and
applies also Lennard-Jones parameters on the H atoms, to earn higher accuracy and avoid
instabilities during simulations. [235] Multiple-site models apply dummy atoms as
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interaction sites to the original structure of a water molecule to improve electrostatic
behavior. [241], [242]
2.1.1.4 Periodic Boundary Conditions (PBC)
To obtain results without unwanted surface or boundary effects, the system must be
bounded without physical walls. This is realized by employing periodic boundary conditions
(PBC) that mimics the presence of a bulk by surrounding the simulation box with an infinite
number of its identical copies (Figure 9). [227]

Figure 9 2D visualization of the PBC including the cut-off range [243]

During the simulation an image particle copies the movement of the original one in
the central box. As a molecule exits the box an image particle will move in to replace it on
the opposite side, so the number of particles in the central box is conserved. [226] In the case
of intermolecular interactions PBC would result in to calculate the LJ terms between all
periodic images. By the usage of cut-off values (rcut-off) intermolecular interactions are
ignored outside the radius of rcut-off, significantly reducing the computational time. It is a
reasonable approximation in the case of LJ interactions, which decay rapidly with distance,
or if the distribution of the system is homogenous beyond rcut-off. [226]
2.1.1.5 Electrostatic interactions under PBC condition
When PBC is applied in the force field calculations the total electrostatic interaction
due to all pairs of charges can be given by:
′

𝐸𝑒𝑙𝑒,𝑡𝑜𝑡𝑎𝑙

𝑁

𝑁

1
𝑞𝑖 𝑞𝑘
= ∑∑∑
2
4𝜋𝜀𝐷 (𝑟𝑖𝑘 + 𝑛𝐿)

𝐸𝑞. 9

𝑛 𝑖=1 𝑘=1

, where the length of a cubic cell is L, and it has to be taken into account for every i and k
pairs of charges. The factor of ½ is introduced in order to cancel the double counting. This
infinite sum (due to PBC) not only converges very slowly, but the result also depends on the
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summation order. [226] The most accurate but computationally most expensive method to
handle the charges is the Ewald summation. [244] In this method the electric potential field
generated by the charges are considered as charge clouds around the particles, which are
described by Gaussian distributions. The Gaussians are split up into two parts with opposite
sign one for the calculation of long-ranged interactions (EL), the other for the short ranged
(ES) ones. As the Gaussian charge clouds also interact formally with themselves (Eself), it
must be subtracted from the formula.
The Smooth Particle Mesh Ewald (SPME) [234] method improves the Ewald
summation with a more efficient computation method. The calculation of SPME is based an
approximation of the charge clouds by a gridded distribution, where charges are attributed
by mesh points. This leads to a discretized charge distribution which can be solved more
efficiently, but with less accuracy. SPME is widely used and implemented in most popular
MD simulation packages. [245], [246]
2.1.2 Algorithms of Molecular Dynamics Simulations
In order to sample the relevant part of the configurational space of the system of
interest, MD simulations generate a trajectory. A trajectory is an ordered list of the atomic
coordinates and velocities for each simulation time step for the total simulation time
including the time evolution of the potential energy of the system. [227] The trajectory
(Figure 10) then can be obtained by the numerical integration of Newton’s second law,
which states that the force (Fi) acting on a particle, which has a mass of (mi) results in its
acceleration (ai). The acceleration is the second time derivative of the particle’s position (xi),
and the force acting on the particle is obtained by its interactions with the other particles,
and is derived from the gradient of the potential energy of the system. As ergodicity is
assumed over the simulation, the results should be insensitive to the initial configuration, but
it should allow the system to relax to an equilibrium structure under the planned simulation
time. [247]. Initial velocities are assigned to atoms randomly using a Maxwellian distribution
on the desired temperature [226]. As each particle interacts simultaneously with all others in
the system, the motions of all particles are coupled. Therefore, numerical integration is
needed to solve this problem which is earned with the use of finite-difference methods, in
which the integration over the time interval is broken into a series of short time steps (δt). In
each time step the forces (Fi) experienced by atoms in their current position (xi(t)) are
computed. It is then assumed that the force remains constant during δt, so that it can be
combined with known dynamic information (position, velocity etc.) to predict new positions
and dynamic properties in the next time step, (t+ δt).
21

Figure 10 The basic algorithm of MD [233] Abbreviations: Epot: Potential energy; t: simulation time;
δt: iteration time; xi: atom coordinate for each spatial coordinate of the atoms; Fi: force component;
ai: acceleration; mi: atomic mass; vi: velocity

The most widely used finite-difference methods in MD are based on the Verlet
algorithm, which are computationally inexpensive, accurate and stable, able to conserve
energy, simple and numerically stable. [227] In Velocity Verlet algorithm [248] (Figure 11)
the current positions (xt, velocities (vt) and accelerations (at) of the particles are used to
estimate their new positions (xt+δt) (Panel A). Then velocity and acceleration are used to
estimate the mid-step velocities (vt+½δt) (Panel B). From the new positions acceleration (at+δt)
is derived (Panel C), which is then used to evaluate velocity (vt+δt) (Panel D). As both
velocity and position is available, energy can be calculated.

Figure 11 Illustration of the Velocity Verlet algorithm

The purpose of simulations is not only to observe the motions of particles, but also
molecules, which are composed of a certain amount of specific atoms. In the case of
molecules atoms are treated as individual bodies that experience different forces coming
from inter- and intramolecular interactions. The time step used in the integration of the
equation of motion should be shorter by a factor of 10 than the period of the highest
vibrational frequency to avoid improper structures from atomic collisions. [226] As
intramolecular motions are high frequency vibrations these set the upper limit of the time
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step to be around 1 fs. Removing the fastest degrees of freedom and constraining high
frequency changes, allows to increase the time step of MD simulations. Thus bonds and
angles are often constrained, especially in the case of X-H bonds, and small molecules can
even be treated as single rigid units, where their movement is tracked by their center of mass.
[226], [227]. Nowadays iterative schemes are used to satisfy the constraints at the end of
each time step. The scheme for the Leapfrog Verlet algorithm is called SHAKE [249], and
for the Velocity Verlet algorithm, RATTLE [250].
During simulations to set the proper environment thousands of solvent molecules can
be necessary. Keeping water molecules rigid during simulations can significantly speed up
simulations. The analytical method SETTLE [251] combines SHAKE and RATTLE for
water molecules in order to be able to calculate positions and velocities to satisfy holonomic
constraints. P-LINCS (parallel linear constraint solver) [252] allows constraining of all
bonds in a macromolecule and enable parallel communication between computer nodes
during the calculation of constrained molecules, enabling high speed and stability.
2.1.3 Molecular Simulation of Different Ensembles
Microcanonical (NVE) ensemble simulations are performed with a constant number
of particles (N), in a fixed volume (V), where the total energy (E) of the system can be
obtained from the sum of the kinetic energies (Ekin) of the particles and the total potential
energy of this isolated system (Epot). Though the internal energy of the system is constant, it
is continuously redistributed between its particles. In order to gain thermophysical
properties, it is necessary to perform a simulation either at constant temperature (T) or
pressure (P). This can be obtained using ‘thermostats’ and ‘barostats’, respectively, which
are modifying standard NVE simulations.
A canonical ensemble represents n copies of a closed system, in which the volume
(V), temperature (T) and the number of particles (N) is set, is called an NVT ensemble. All
copies of the system are being arranged in an external isothermal heat bath while staying in
thermal contact. The energy of the particles of the ensemble may fluctuate. [226] As the
velocity distribution of the particles is set by using Maxwell-Boltzmann distribution, one of
the simplest ways to adjust temperature, is velocity scaling. [225] Berendsen thermostat
[253] does not involve a full velocity scaling at each time step, but employs a time scale (τT)
to do so. This enables fast calculation, but will not generate a canonical distribution of
configurations as does not involve interactions with an external heat bath. [226] This
connection can be set with more complex methods, like the Andersen, the Gauss or the NoséHoover thermostats.
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The Nosé-Hoover thermostat [254], [255] is a deterministic approach to generate
canonical distribution by introducing an extra degree of freedom (s), which represents the
thermal heat reservoir. The external heat bath is dynamic, has a momentum and an effective
mass, which extends the energy term.
𝐸 = 𝐸𝑘𝑖𝑛 − 𝐸𝑝𝑜𝑡 + 𝐸𝑘𝑖𝑛,𝑠 − 𝐸𝑝𝑜𝑡,𝑠

𝐸𝑞. 10

This approach is called an extended ensemble method and it scales the movement of the
particles to adjust the temperature to the required value.
In an isothermal-isobaric system (NPT ensemble) not only the temperature, but also
the pressure (P) of the simulation box is kept constant, while the number of molecules stay
the same. A macroscopic system reacts to an imposed pressure by changing its volume, so
these simulations involve the fluctuations of the simulation box. [226] The simplest approach
is the Berendsen barostat [253], which involves a scaling factor to the volume with a τp time
scale.
For dynamic coupling of the system to a barostat Andersen introduced an extended
ensemble barostat approach [256] with an equation of motion for the system volume, to
allow dynamic volume exchange of the system with its surroundings. With coupling the
system to an external volume it responds with either isotropic expansion or compression.
Parrinello and Rahman [257] extended Andersen’s approach to enable the control of pressure
and stress. With this the simulation box is also allowed to change its shape, as the shape of
the cell is described by a cell matrix. This way a new potential and kinetic energy term is
introduced and associated with the change of the box size and shape.

24

2.1.4 General Protocol for Classical MD Simulations

Figure 12 Steps of a Molecular Dynamics simulation

A general MD simulation consists of four stages: structure generation and
optimization, equilibration, production run and analysis (Figure 12). During the structure
generation the simulation box is filled up with molecules. In the next step, a short geometry
optimization of the system is required, where by changing the configuration the system gets
closer to a local minimum and more plausible configuration of the system. As the first step
of the equilibration, initial velocities are assigned to the particles and the simulation box
evolves to be able to respond the phase behavior at the given temperature and pressure during
equilibration. By the end of the equilibration an average value of the computed parameters
should be reached. The production run must be executed for a longer time range than the
relaxation time of the examined process and the obtained time dependent atomic positions,
velocities, forces has been stored for the detailed analysis. The desired physico-chemical and
other time-independent properties can be accessed by averaging of the trajectories over
sufficient simulation time. [225]

2.2 FREE ENERGY CALCULATIONS
2.2.1 Concepts of thermodynamic free energy
Free energy is one of the basic concepts of thermodynamics. [42], [258] Free energy
comes from the first-law of thermodynamics: it is the available energy to perform
thermodynamic work at constant temperature and its sign indicates whether a process is
themodynamically favorable or not. There are two types of free energy. The Gibbs free
energy (G), which is the maximum amount of work a system can do at a constant pressure
and temperature, and Helmholtz free energy (A), which is the maximum amount of work a
system can do at constant volume and temperature, ergo in the canonical ensemble.
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Gibbs free energy can be calculated as 𝐺 = 𝐻 − 𝑇𝑆 , where T is the absolute
temperature, S is the entropy and H is the enthalpy, which is the function of internal energy
(U), pressure (P) and volume (V): 𝐻 = 𝑈 + 𝑃𝑉. Helmholtz free energy (A) can be calculated
as 𝐴 = 𝑈 − 𝑇𝑆. Thus change in A can be described as:
𝛥𝐴 = 𝛥𝑈 − 𝑇𝛥𝑆

𝐸𝑞. 11

while change in G is:
𝛥𝐺 = 𝛥𝑈 − 𝑇𝛥𝑆 + 𝑃𝛥𝑉

𝐸𝑞. 12

To connect macroscopic properties to statistical mechanics the molecular partition
function can be used, with which the free energy of a system in a canonical ensemble and at
constant temperature and pressure can be given by the formulas:
𝐴 = −𝑘𝐵 𝑇 𝑙𝑛𝑄𝑁𝑉𝑇
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𝐺 = −𝑘𝐵 𝑇 𝑙𝑛𝑄𝑁𝑃𝑇
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where kB is the Boltzmann constant, T is the temperature and Q is the partition function of
the system. The partition function (Q) for a system at thermodynamic equilibrium at NVT
and NPT ensembles can be expressed as:
𝑄𝑁𝑉𝑇
𝑄𝑁𝑃𝑇 =

𝐻(𝑝,𝑟)
1
−
= 3𝑁 ∫ ∫ 𝑒 𝑘𝐵 𝑇 𝑑𝑝𝑑𝑟
ℎ 𝑁!

𝐻(𝑉,𝑝,𝑟)+𝑃𝑉
1
−
𝑘𝐵 𝑇
∫
∫
∫
𝑒
𝑑𝑉𝑑𝑝𝑑𝑟
ℎ3𝑁 𝑁! 𝑉0
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where N is the number of particles, h is Planck’s constant, V is the volume and V0 is a basic
unit of volume chosen to make QNPT dimensionless. The integral is performed over all 3N
positions (r) and momenta (p) of the particles. [259] In the case of NPT ensembles volume
also has to be taken into account as it determines the size of the system. The Hamiltonians
(H(p,r)) and (H(V,p,r)) gives the total energy of the system in a given conformation. [259]–
[261] As molecular dynamics simulations are carried out in an NPT ensemble throughout
this dissertation, free energy denotes Gibbs free energy, if not indicated else.
2.2.2 Free energy difference of states
To transform a molecular system from one thermodynamic state to another, free
energy is needed. To estimate the difference in free energy (ΔGBA) between configurations
A and B of the same system, one has to estimate the ratio of partition functions between
them. [98], [260]
𝛥𝐺𝐵𝐴 = 𝐺𝐵 − 𝐺𝐴 = −𝑘𝐵 𝑇𝑙𝑛

𝑄𝑁𝑃𝑇,𝐵
𝑄𝑁𝑃𝑇,𝐴

𝐸𝑞. 17
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The configurations belonging to GA and GB are called the end states or initial and final states
of the simulations. End states define the beginning and ending of free energy calculations.
These can be distinguished from each other by the way their particles are arranged and
interact with each other. [260] The ratio of full partition functions can be reduced to
configurational partition functions by using momentum integrations, as according to the
equipartition theorem the kinetic energy is constant at constant temperature. The
configurational partition functions (ZA and ZB) solely depend on the potential energy of the
system. [261]
𝛥𝐺𝐵𝐴 = −𝑘𝐵 𝑇𝑙𝑛

= −𝑘𝐵 𝑇𝑙𝑛

𝑍𝑁𝑃𝑇,𝐵
𝑍𝑁𝑃𝑇,𝐴

𝑈 (𝑉,𝑟)+𝑃𝑉
− 𝐵
𝑘𝐵 𝑇

𝑑𝑉𝑑𝑟

𝑈 (𝑉,𝑟)+𝑃𝑉
− 𝐴
𝑘𝐵 𝑇
∫𝑒

𝑑𝑉𝑑𝑟

∫𝑒
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In an NPT ensemble obtained from a molecular dynamics simulation, each
configuration obeys to a given probability density (ρ(V,r)), depending on the potential energy
of a given molecular arrangement.
𝑒

𝜌(𝑉, 𝑟) =
∫𝑒

−

−

𝑈(𝑉,𝑟)
𝑘𝐵 𝑇

𝑈(𝑉,𝑟)
𝑘𝐵 𝑇 𝑑𝑉𝑑𝑟
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Configurations obeying to this probability density are called Boltzmann distributed. From a
Boltzmann distribution the average of a particular observable (C(V,r)) can be defined as:
〈𝐶〉 = ∫ 𝐶(𝑉, 𝑟)𝜌(𝑉, 𝑟)𝑑𝑉𝑑𝑟
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To calculate such an ensemble average from a simulation, a method is needed, which can
generate configurations with a probability density of ρ(V,r).
During an MD simulation the ensemble average of an observable C(r) is obtained by
averaging over all the generated configurations. In this case it is assumed that the ensemble
average (𝐶̅ ) is equal to the time average (〈𝐶〉).
𝐶̅ = 〈𝐶〉
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Eq. 21 is called the ergodic hypothesis. While most systems cannot be proven to have
ergodic behavior, if all configurations with a relevant probabilities have been visited, the
ergodic hypothesis holds up as a first estimation. If high probability regions are separated by
remarkable energy barriers, it becomes unlikely, that all significant configurations have been
sampled. This is called the problem of quasi-nonergodicity. [260]
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If one well defined chemical, mechanical or thermodynamic process needs to be
analyzed, it can frequently be represented by a set of low dimensional, generalized
coordinates. These coordinates are usually called reaction coordinates or collective variables
(CV), and the latter is used throughout this work. A CV is a function of the atomic
coordinates that is capable of describing the physics behind the process under investigation.
By using a CV the probability density function of a process can be obtained along the
coordinates of interest. [261] This CV can be a torsional angle for a conformation change
process [119], or a set of coordinates for a distance related energy, like in the case of
membrane penetration, or ligand binding [84], where a set of coordinates is defined where a
particle/or particles move along during the simulation. [120] As CVs are a function of atomic
coordinates they can be indicated as CV(s(V,r)), but for simplification, in this work CV(s) is
used.
By applying the theory of thermodynamic cycle to obtain the thermodynamic free
energy, the total free energy difference between the end states of a process can be calculated
by the sum of free energy difference between intermediate steps. [113] To determine the
total free energy difference of two predefined end states of a simulation a series of
intermediate structures has to be defined leading from one state to the other. While these
intermediate steps might be artificial and unphysical, together they form a thermodynamic
cycle. By the end of the simulation, from the probability distribution of the molecules in the
end states, the free energy of the process can be directly obtained. [113], [259]
In simulations sampling can be done two ways: biased or unbiased. Unbiased
sampling is a casual MD simulation, where the evolution of the CV is inspected without
modifying its occurrence. In unbiased MD simulations the average kinetic energy per degree
of freedom is only about kBT/2 (which is about 1.2 kJ/mol at 298 K), which means that it
takes a lot of simulation time to cross a large energy barrier. In enhanced sampling/biased
sampling methods a bias potential is added to the CV which enhances the probability of
visiting relevant configurations during the evolution of the simulation by decreasing the free
energy differences between the end states by enabling higher transition rates and better
sampling of rare events. Enhanced sampling methods are generally based on some
assumptions on the underlying system, such as the choice of meaningful collective variables
or the definition of the end states. [262]
2.2.3 Estimation of free energy
Once the appropriate set of configurations have been sampled, the free energy
difference of states needs to be estimated. [263] The probability density distribution of the
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CV at state A and state B (ρ(CV(s)A) and ρ(CV(s)B) respectively) can be calculated from the
ratio of partition function of states A and B:
𝜌(CV(s)𝐵 )
Q𝑁𝑃𝑇,𝐵
=
𝜌(CV(s)𝐴 )
Q𝑁𝑃𝑇,𝐴
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Therefore, the free energy difference between states A and B can be obtained as the ratio of
the probability of the different states:
𝛥𝐺𝐵𝐴 = −𝑘𝐵 𝑇 𝑙𝑛

𝜌(CV(s)𝐵 )
.
𝜌(CV(s)𝐴 )
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As the free energy is directly related to the probability of the states along a chosen collective
variable (CV(s)), the free energy landscape the process (G(s)) can be directly obtained from
the probability density distribution of the configurations along (ρ(s)) [119]:
𝐺(𝑠) = −𝑘𝐵 𝑇 ln〈𝜌(𝑠)〉
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A simplified free energy landscape can be seen on Figure 13. Here, a stable state (A)
and a metastable state (B) are shown, which has higher free energy thus it is less populated
in an equilibrium configuration. Between these states, an intermediate region (where the
peak belongs to a non-reactive transition state) is located, with high free energy and a very
small probability. The free energy difference (ΔG‡) of the free energy of the stable state and
the transition state called the free energy barrier. [98], [262]

Figure 13 A model double-well free energy landscape. A stable and a metastable state (A and B
respectively) are indicated. The colored regions show where the system fluctuates because of its
thermal energy. GA and GB indicate the free energy levels between which ΔG‡ indicates the height of
the free energy barrier.

2.2.4 Applied methods for free energy calculations
2.2.4.1 Free energy perturbation (FEP)
The general perturbation formula describes the difference of A and B systems, whose
Hamiltonians are related through small perturbation (HB = HA + ΔHAB), and ΔGAB can be
calculated using Eq. 25. [259] The original free energy perturbation (FEP) formula relates
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the free energy difference of an initial (state λ=0 or state A) and a final (state λ=1 or state B)
state as an average obtained from their energy difference, obtained by sampling the initial
state.
𝛥𝐺𝐴𝐵 = −𝑘𝐵 𝑇𝑙𝑛 〈𝑒

−(𝐸𝐵 −𝐸𝐴 )
𝑘𝐵 𝑇
〉

𝐴
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Generally, state A and B indicate different molecules, media or molecular
arrangements. The thermodynamic cycle can be used to investigate the free energy change
for the conversion from one state to the other. [259], [264]
2.2.4.1.1 Molecular Dynamics based FEP calculation
Using MD for FEP calculations enables the treatment of a large ensemble of
molecules, the direct representation of solutes, solute-solvent and solvent-solvent
interactions. For the simulation to be able to sample all the important regions of the phase
space the total free energy change needs to be calculated as a number of intermediate changes
using n windows (Figure 14).
𝑛

𝛥𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝛥𝐺𝑖,𝑖+1
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𝑖=1

This can be achieved by if the Hamiltonian of the intermediate states is related to HA
and HB via a coupling parameter, λ, which can take any value between 1 and 0.
𝐻 = 𝜆𝐻𝐴 + (1 − 𝜆𝐻𝐵 )
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Over the simulation windows, the coupling parameter scales al l interaction parameters of
the force-field, such as Coulombic and Lennard-Jones parameters. [259], [264]

Figure 14 Schematic figure of FEP calculations using molecular dynamics simulations

2.2.4.1.2 Free energy of hydration from ab initio calculations
By definition, the free energy of hydration, which indicates the free energy needed
to transfer a solute from the gas phase to the condensed phase, can be calculated, as:
𝑅𝑇
𝛥𝐺ℎ𝑦𝑑 = 𝐺𝑎𝑞 − 𝐺𝑔𝑎𝑠 + 𝑅𝑇𝑙𝑛 ( )
𝑃
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Where ΔGhyd is the free energy of hydration, Ggas is the free energy in the gas phase and Gaq
is the free energy in the solvent phase, while the final term is a correction term, due to the
different standard state in the gas and solvent phases. The schematic figure of the
calculations is shown on Figure 15.

Figure 15 Schematic figure of obtaining solvation free energy from ab initio simulations

In the gas phase molecular structure with its electron density and the potential energy
can be obtained by using ab initio calculations, from which Ggas can be obtained. In ab initio
calculations the solvent phase can be represented by continuum solvent models, such as the
SMD implicit model. [265] In this representation the solute is present at an atomic level of
detail in an electrostatic cavity, surrounded by a dielectric medium representing the solvent.
The interactions between the molecule, the cavity and the medium is calculated by using
high accuracy atomistic calculations to obtain Ghyd. By the end of the calculations a
correction term needs to be applied in order to convert the gas-phase standard state (defined
by T and P) to the solution-phase standard state, which is defined as a 1 M solution. [266]
2.2.4.2 Free energy of permeation
The low transition rate between two states of a free energy surface can lead to
insufficient sampling of the collective variable. As the barrier height affects the transition
rate of a process gravely, by modifying its height the increment in the observed events can
be achieved. For this cause an additional potential, a biasing potential (P(s(V,r)) can be added
to the potential energy (U(V,r)), which acts only along CV(s). This results that the explored
conformations are distributed according to a biased canonical distribution:
𝜌′(𝑉, 𝑟) = 𝑒

−

𝑈(𝑉,𝑟)+𝑃(𝑠(𝑉,𝑟))
𝑘𝐵 𝑇

𝐸𝑞. 29

From this, the free-energy landscape will lead to a 𝐺̃ (s) amount of free energy along CV(s),
which is related in the following way with the ‘quasi original’ one, where C and C’ are
arbitrary constants:
𝐺̃ (𝑠) = 𝑃(𝑠) + 𝐺(𝑠) + 𝐶 ′ − 𝐶
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From this the ‘quasi original’ free energy (𝐺̃ (s)) landscape on CV(s) can be recovered by
subtracting the bias potential from the obtained value of 𝐺̃ (s):
𝑃(𝑠) = −𝐺̃ (𝑠)
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In this case the simulation explores the following distribution:
𝜌′ (𝑉, 𝑟) ∝ 𝑒

−

𝐺(𝑠)+𝑃(𝑠)
𝑘𝐵 𝑇

=𝑒

−

𝐺(𝑠)−𝐺̃ (𝑠)
𝑘𝐵 𝑇
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As the simulation evolves, this distribution gets more and more flat (flat histogram method)
as the barriers vanish, and the values of s become equally likely, the simulation becomes
more accurate. [98]
2.2.4.2.1 Metadynamics
Metadynamics [120] is a biasing technique, where a history-dependent bias potential
(P(s,t)) is used for the collective variable (CV(s)), which itself is a function of the positions
of the particles throughout the simulation time (t). This bias potential appears during the
simulations as a repulsive Gaussian, centered on the explored points of a CV(s) space,
leading the system towards previously not explored configurations. These Gaussians can be
called ‘hills’ and have a preassigned width (σ) and height (ω) and are deposited at every t’
time step as the simulation proceeds, where the collective variable has a value of s(t’). Then
the bias potential at time t can be calculated the following way:
𝑡/𝑡′

𝑃(𝑠, 𝑡) = ∑ 𝜔 𝑒

−

(𝑠−𝑠(𝑡 ′ ))2
2𝜎2
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𝑖=1

On Figure 16 the process of metadynamics is shown. [98], [120] By adding the
Gaussians the system is discouraged of the exploration of already visited states of the CV
space, and their sum provides an immediate estimate of the free-energy surface. After a
suitable filling time the bias will start growing parallel to itself, and G(s) can be directly
obtained from –P(s), for an additional arbitrary constant (Equation 35 and 36) [98], [119],
[120].
While metadynamics is a widely used method for free energy simulations, it has two
known problems: its estimation of free energy landscape does not converge to an exact value,
but fluctuates around it. The other problem is that, as it is a flat histogram method it tries to
sample the whole CV space, which can lead to the exploration of “nonphysical” states with
extremely high free energy and/or nonrelevant configurations.
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Figure 16 The process of metadynamics. First the system evolves according to normal dynamics.
Then a Gaussian potential (P(s)) is deposited, which lifts the system and modifies the free energy
landscape in order for the dynamics to evolve and explore new configurations. After the sum of P(s)
fills up the first free energy basin the system is able to move to the second. After the second basin is
filled up the system reaches a flat landscape (𝐺̃ (s)). The summation of the deposited bias provides
the estimate of the free energy profile (G(s)).

2.2.4.2.2 Well-Tempered Metadynamics (WT-MD)
In well-tempered metadynamics the height of Gaussians are rescaled (ωt’) as the
system passes previously explored configurations of the CV(s) space which enables the free
energy profile to converge to an exact value. [115], [121], [267] ωt’ is rescaled by the
following equation:
𝜔𝑡′ = 𝜔0 𝑒

−

𝑃(𝑠,𝑡 ′ )
𝑘𝐵 𝛥𝑇
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where ΔT is a parameter in units of temperature and kB is the Boltzmann constant. This means
that after the initial filling of the profile, along the CV(s) different height Gaussians are
deposited. This implies that the sum of P(s) + G(s) will no longer be flat, and the bias
potential on a long time limit will converge to:
𝑃(𝑠, 𝑡 → ∞) = −

𝛥𝑇
(𝐺(𝑠) − 𝐶)
𝛥𝑇 + 𝑇

𝐸𝑞. 35

𝛥𝑇

where C is an arbitrary constant and 𝛥𝑇+𝑇 is the bias factor in which T is the simulation
temperature. This indicates that the bias does not become the negative of the free energy
anymore, but the bias, scaled by the bias factor. As a consequence, the CV(s) is explored at
an effective temperature (T+ΔT). If ΔT → ∞, standard metadynamics is reached, and when
ΔT = 0, unbiased sampling happens. Finally the free energy can be estimated as:
𝐺(𝑠) = −

𝑇 + 𝛥𝑇
𝑃(𝑠, 𝑡 → ∞) − 𝐶
𝛥𝑇
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2.2.4.2.3 Free energy profiles from classical molecular dynamics
A computationally inexpensive approach for calculating the free energy of
penetration is to retrieve it from classical molecular dynamics simulations, as there is a oneto-one relation between free energies and density profiles. [268], [269] If the activity
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coefficient is independent of the density, the free energy can be obtained by using the
following equation:
𝐺(𝑠) = −𝑅𝑇𝑙𝑛

𝜌(𝑠𝑍 )
𝜌(𝑠0 )
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where ρ(s0) belongs to the bulk phase density and ρ(sZ) is the mass density at position Z along
the membrane normal.

2.3 TWO-PHASE MOLECULAR DYNAMICS (2φMD) SIMULATIONS
Coexisting liquid and vapor phases in the vapor-liquid equilibria (VLE) [216]–[220]
and the supercritical phase [210], [221] can be investigated by performing two-phase (2φ)
simulations, where the resulting bimodal distribution of the mass density can be used to
obtain critical parameters. [217], [218], [270], [271] Several methods exist to directly
simulate the VLE, such as Gibbs Ensemble Monte Carlo (GEMC) [272]–[274], the NPT
plus test particle method [275]–[277] or the two-phase Molecular Dynamics. [217], [218],
[270], [271], [278]
In two-phase Molecular Dynamics (2φMD) the VLE is simulated in an NVT ensemble,
where the liquid and vapor phases are in the same simulation box separated by an interface.
The great advantage of 2φMD is that the time evolution of the phases and the interface is
observable throughout the VLE to the supercritical phase. At the same time the challenging
part of 2φMD arises from the presence of the interface which makes selecting the distinct
phases complicated, especially near the critical point. Several techniques have been proposed
to define the coexisting phases, such as fitting a hyperbolic tangent function [279], [280] or
using inverse histograms [281], Monte Carlo sampling [218] or Voronoi tessellation. [217],
[270], [271]
2.3.1 Voronoi tessellation (VT) based density calculation
Voronoi Tessellation (VT) [243], [282] is a procedure where a subvolume (‘Voronoi
cell’) is assigned to an associated point (e.g. defined by the Cartesian coordinate of atoms)
which is geometrically closer to that point than to any other. If the atomic volumes belonging
to each molecule are summed, the molecular volumes composing the system are obtained.
Thus, a set of molecular volumes, the mean molecular volume and the variance of molecular
volumes can also be obtained, which can be directly converted to density distribution of the
simulated systems. [217], [270], [271]
2.3.2 Phase Determination
To obtain a self-consistent method, two-phased simulations are complemented with
one phase (1φ) simulations in both liquid and vapor phase at the investigated temperatures
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to ensure that the correct values for the density are obtained, thus removing all arbitrary
choices in phase definition. Gas phase simulations can be run in the NVT ensemble with
same settings as the general slab simulations, while NPT ensemble can be used for liquid
simulations. The initial configurations of the 1φ simulations can be selected from the final
configurations of the slab simulations. From the one-phase simulations general parameters,
such as density or Voronoi-volumes can be used for comparison with the two-phased
simulations. [217], [270], [271]
In my work [271], the method proposed by Fern et al. [217], [270] was slightly
modified to be able to select liquid and vapor phase, and ‘phase transferring’ molecules. In
this method Voronoi polygons are created for the center of mass (COM) of each molecule.
The distance of the COM and Voronoi vertex i (ri) is calculated for each vertex in the
simulation box. In the case of liquid phase molecules higher sphericity and smaller ri values
are expected, while vapor phase molecules tend to have larger, irregular polygons with low
sphericity. ‘Phase transferring’ molecules can be found at the interface, thus their Voronoi
polygons are expected to have irregular shapes also, while on one of their sides they have to
have similar properties to the molecules in the liquid phase.
To identify the phase that a molecule belongs to, the maximum value of ri, noted as
rmax,liq, can be calculated from the 1φMD liquid phase simulations. According to my initial
proposition, each liquid phase molecule has to fit into a sphere with a radius equal to rmax,liq,
while vapor phase and phase transferring molecules cannot meet this requirement. In 2φMD
simulations each Voronoi cell has a k amount of Voronoi vertices which are closer or in
equal distance to the COM of the corresponding molecules than rmax,liq. Taking the two
extremes, the molecule is surely in liquid phase if k/i = 1, while in vapor phase if k/i = 0,
where i is the total amount of Voronoi vertices belonging to a Voronoi cell. Considering
instantaneous structural disturbances, wider interval for k/i ratio is required for the proper
sorting, therefore an empirical interval parameter, α, has been introduced and its value is
chosen to be 0.1. The effect of α are shown on Figure 17. So, if k/i < α, a molecule is
considered as gas phase; while if k/i > 1-α it is a liquid phase; and if α ≤ k/i ≤ 1-α it is a
’phase transferring’ molecule.
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Figure 17 The effect of α on the selection of molecules

2.4 ANALYSIS OF MEMBRANE PARAMETERS
2.4.1 Membrane Structural Parameters
Membrane structural parameters obtained from MD simulations provide primary
information on the bilayer structure, which is also directly comparable with experimental
information. [60], [283] Such structural parameters are area per lipid (APL), volume per
lipid (VPL), electron density profiles (EDP), membrane thickness (DHH), deuterium order
parameter (SCD) and the compressibility modulus (KA). A summary of the formulas of the
parameters is shown in Table 3.
Mass density profiles (MDP) show the partial densities of predefined atom groups
across the simulation box along the Z axis. Electron density profiles are calculated by
defining the number of electrons for each present atoms in the system. It can also be
measured experimentally using X-ray scattering thus the accuracy of membrane simulations
can be checked. From EDPs membrane thickness can be obtained by investigating the peakto-peak distance on the diagram but it also involves the direct hydrate shell of the membrane.
[58], [78]
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Table 3 Definitions and formulas of the general membrane structural parameters
Membrane
parameter
APL

VPL

Definition
Area per lipid [284]

Volume per lipid [284]

Formula

Abbreviation

2 × 𝐿𝑥 × 𝐿𝑦
𝑛𝑙𝑖𝑝𝑖𝑑

L: average x and y
dimensions of the
simulation box
Vbox: average volume
of the simulation box
Vwater: the volume of
a TIP3P water
molecule (0.03053
nm3) [78]
Vcomp: derived from
the density of neat
compound
DHH: membrane
thickness

𝑉𝑏𝑜𝑥 − 𝑛𝑤𝑎𝑡𝑒𝑟 𝑉𝑤𝑎𝑡𝑒𝑟 − 𝑛𝑐𝑜𝑚𝑝 𝑉𝑐𝑜𝑚𝑝
𝑛𝑙𝑖𝑝𝑖𝑑
𝐴𝑃𝐿 × 𝐷𝐻𝐻
2

KA

SCD

Isothermal
compressibility
modulus, a dynamic
parameter to measure
stress resistance of the
membrane [285]
Deuterium order
parameter, which
measures the
orientation of C-H
bonds with respect to
the bilayer normal [78]

2𝑘𝐵 𝑇⟨𝐴𝑃𝐿⟩
𝑛𝑙𝑖𝑝𝑖𝑑 𝜎𝐴𝑃𝐿 2

kb: Boltzmann’s
constant
T: temperature
σAPL2: the variance of
APL

1
⟨3cos 2 𝛩 − 1⟩
2

Θ: the angle between
bilayer normal (Z)
and the vector
between
Ci-Hi

For a planar bilayer the area per lipid (APL) can be obtained as the average lateral
dimensions of the simulation box (LX and LY) divided by the number of lipids found in one
membrane leaflet, but in this case the APL distribution remains unknown. Besides the
conventional APL calculation, the average APL can also be obtained via a Voronoi
tessellation (VT) based technique for simple and multicomponent lipid bilayers [286], [287]
as well as complex protein-membrane [288], [289] systems. The great advantage of VT
technique is that it also provides not only APL distribution beyond the average but also local
structural information of the bilayer surface. [289] For instance, local disturbances caused
by the direct permeation of small molecules can be identified by VT-based APL distribution.
[286], [290], [291] To find such local disturbances, the trajectories can be analyzed by a selfwrote VT-based Python script (powered by Python 2.7 [292] and MDAnalysis 0.18.1 [293]),
in which the phosphorous atoms are projected to the macroscopic XY surface of the
membrane [294], while the periodic boundary conditions are also taken into account. The
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area belonging to each phospholipid molecule can be calculated as the area of a Voronoi
polygon by using Delaunay triangulation. [295]
VPL can be obtained either as the product of the APL and the thickness of a single
bilayer (DHH/2), or by removing the total volume of water (and additional) molecules from
the average volume of the simulation box. Both methods were tried, and the and the
difference between their results is scarce. Deuterium order parameter defines the ordering of
the lipid acyl chains by measuring the relative orientation of the C-H (experimentally C-D)
bonds along the acyl chains with respect to the bilayer normal, Z. [78], [284]
1
𝑆𝐶𝐷 = | ⟨3cos 2 𝛩 − 1⟩|
2
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where Θ is the angle between bilayer normal (Z) and the vector between Ci-Hi, and 〈 〉
represents the ensemble average. The compressibility modulus provides information on the
membrane resistance against the effects of surface changes/environmental stress. [283],
[296]
2.4.2 Orientation of Molecules in the Membrane Vicinity
To be able to describe the orientational preference of water and additional molecules
in the membrane/water interface Cartesian coordinates are bound to each molecule then
vectors are defined bound to each investigated species. Three local vectors can be defined to
describe the orientation of water molecules (upper panel of Figure 18): the dipole vector (z),
the vector joining the two hydrogen atoms (H-H vector, y) and the normal vector (x) of the
zy plane, in order to obtain their relative orientation to the membrane surface normal (Z).
Their orientation is characterized by their angles denoted α, β and γ respectively, formed
with the interface normal.
Out of all the investigated permeants only 1,4-dioxane have been analyzed with such
detail. In this case, two vectors are needed, and the corresponding angles (α, β in the bottom
panel of Figure 18). Here the vector joining the two oxygen atoms (O-O vector, z), and the
normal of this vector (x). It should be noted that due to the symmetry of the molecules the
molecular normal, and H-H vectors (in the case of water molecules) can be directed in two
opposite directions, and there is no physical way to distinguish them. Therefore, their
corresponding angles (β and γ) can only be scattered between 0° and 90°, and thus their
cosines between 0 and 1, while α angles defined by the dipole moment vector of water or OO vector of dioxane (as a direction is defined by selecting the O-O vector) can fall into the
entire angular range of 0° to 180°, and cosine range of -1 and 1. To make interpretation easy
for their ensemble averages, uniformly distributed orientation belongs to value 0, which is
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the case for the expected value (〈 〉 ), of cos(α), while cos(β) and cos(γ) must be shifted
downwards by 0.5. To characterize the variations of the average orientation of water and
dioxane molecules along the interface normal axis, Z can be divided into 1 Å slices (0.1 nm),
where Φα(Z), Φβ(Z) and Φγ(Z) – orientational function – profiles have been calculated,
defined as:
Φα (𝑍) = ρ(𝑍)〈cos(α)〉(𝑍)
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Φβ (𝑍) = ρ(𝑍)〈cos(β) − 0.5〉(𝑍)
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Φγ (𝑍) = ρ(𝑍)〈cos(γ) − 0.5〉(𝑍)

𝐸𝑞. 46

where ρ(Z) is the number density of the molecule (water or dioxane) in the corresponding
slice of the simulation box. It is important to note that while any two of these angles can
describe the orientation of a single molecule relative to the interface, α,β and γ are not
independent of each other. To create bivariate angle distribution maps of the water and 1,4dioxane molecules two independent angles are needed as angular polar coordinates of the
interface normal vector (Figure 18): α and δ, which are the angle of the molecular dipole
vector enclosing with the bilayer normal, and the angle formed by the molecular normal
vector and the projection of the interface normal (Z) to the plane perpendicular to the
molecular dipole vector (xy plane, shown in blue in Figure 18), respectively.

Figure 18 Definition of the local vectors (x,y,z) bound to water and 1,4-dioxane molecules. The
orientation of the molecules relative to the membrane normal (Z) are defined by α, β, γ, δ.
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3 COMPUTATIONAL DETAILS
In this chapter the detailed settings of the MD simulations will be summarized. In all studies
the simulations were carried out using GROMACS (versions 5.1.2, 5.1.4 and 2019) [79],
while VMD [297] was used for molecular visualization. For WT-MD and Metadynamics
simulations PLUMED 2.3 [298], [299] was used. In the end of the chapter the validation of
the methods is shown.

3.1 TRANSMEMBRANE PENETRATION MECHANISM OF NSO-HET MOLECULES,
1,4-DIOXANE, PHENOL, MORPHOLINE AND OXANE
3.1.1 System Preparation
Total five different systems were examined in this work to understand the effects of
NSO-HET molecules on DPPC composed membrane bilayers: DPPC in the presence of 1,4dioxane (DIOX), phenol (PHE), morpholine (MOR) and oxane (OXA) (Figure 4) and a
substance free system for comparison. Initial membrane configurations were generated by
using CHARMM-GUI [300], [301] with 64 lipid molecules in each membrane leaflet
(nlipid = 128), and 50 water molecules per headgroup (nwater=6400). The size of the
membrane was used in several works [84], [107], [110], [302], [303] where it proved to be
sufficiently large to reproduce membrane structural parameters, and it is well hydrated as the
number of water molecules exceeds the needed value for the hydration of DPPC membranes.
[58] Aside from these components an additional 100 NSO-HET molecules have been
inserted into each simulation box in random positions (noted as N=100), except for the
substance free system. Such high concentration (cMOR = 74.23 g/dm3, cPHE = 80.20 g/dm3,
cOXA = 73.40 g/dm3, cDIOX = 75.10 g/dm3 [304]) had been chosen to exaggerate the caused
structural and energetic changes to distinguish it from statistical noise. [305] CHARMM36
[72] force field was used to model DPPC, CHARMM TIP3P [306] to model water and
CGenFF [307] was used to model the NSO-HET molecules. Periodic boundary conditions
were applied in xyz directions in a cubic simulation box.
3.1.2 Parameters of MD simulations
The production runs have been set up with a three step equilibration protocol. As a
first step a minimization was carried out with a maximum of 5000 steps. During the first
25 ps long NVT equilibration the P atoms were restrained to their positions along axis Z to
preserve the membrane structure [72]. The following equilibration step was carried out for
800 ps in an NPT ensemble using the Berendsen temperature and pressure control. [253] The
production runs were 125 ns long where Nosé-Hoover temperature [254], [255] and
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Parrinello-Rahman pressure [257] control was used. Out of the 125 ns of the last simulation
step the first 25 ns were discarded from the evaluation, as in previous publications [78], [304]
it has been found that in the case of NSO-HET containing systems the box size – thus the
membrane parameters – still drastically change in this time interval.
During all simulation steps the temperature was 330 K and the pressure was 1 atm,
to ensure that a biologically relevant alpha-crystalline phase (Lα) is maintained throughout
the simulations [308]–[310]. The coupling constants for temperature and pressure control
were set as τT = 1.0 ps and τp = 5.0 ps respectively. Heavy atom-hydrogen distances were
constrained by using the P-LINCS algorithm [252] and SETTLE [251] was used to keep
water molecules rigid. The cut-off for non-bonded interactions was set as 1.2 nm [72] while
the smooth Particle Mest Ewald summation method [311] was used for the treatment of long
distance electrostatic interactions. During the simulations the equations of motions were
integrated at every 2 fs and coordinates were saved in every 10 ps. For each system 500 ns
of total production runs were carried out from five parallel simulations. Results are presented
as averages of the five repeats and their standard deviation.
3.1.3 Free Energy of Permeation
Free energy was calculated from classical molecular dynamics simulations based on
the density profiles of the investigated compounds along axis Z, by using WT-MD and in the
case of 1,4-dioxane metadynamics was also used.
In WT-MD simulations the collective variable was selected to sample the free energy
profile of the NSO-HET molecules moving along the membrane normal (Z), from the bulk
phase to the opposite side of the membrane. Throughout WT-MD simulations the pulled
molecules were treated as a whole, and the center of mass was used to sample the free energy
profile. During these simulations the bias potential was set to be 8.0 and Gaussians were
deployed at every 3 ns, with an initial height of 2.2 kJ/mol and width of 0.1 nm. The walls
of the pulling mechanism were 3.7 nm away from the bilayer center. Other parameters of the
WT-MD were identical to the production runs as in Section 3.1.2.
In the case of the metadynamics simulations of 1,4-dioxane Gaussians were
deposited at every 2500 ps, with a height of 0.1 kJ/mol and a width of 0.5 nm. Walls for the
pulling were also set 3.7 nm from the center of the membrane bilayer.
A total 11 systems were compared in this study by the means of WT-MD. The
penetration of NSO-HET and water molecules (in the presence of NSO-HET molecules) into
DPPC membranes. In the case of phenol and 1,4-dioxane the penetration was investigated
in two different concentrations 80.20 g/dm3 (N=100) and 0.080201 g/dm3 (N=1) and
41

75.10 g/dm3 (N=100) and 0.7510 g/dm3 (N=10) respectively, while for morpholine and
oxane the previously indicated concentrations were used solely. The length of WT-MD
simulations in the case of NSO-HET molecules were 1 μs long, while in the case of water
molecules 500 ns were sufficient for convergence.

3.2 EFFECTS OF THE DERIVATIVES OF THE CO2 AND 1,3-BUTADIENE REACTION
ON BIOMEMBRANES
3.2.1 System Preparation
3.2.1.1 OPLS-AA membranes
In this study all-atom optimized potentials for liquid simulations (OPLS-AA)
membranes were used for primary analysis. The initial membrane configuration was
obtained from the work of Maciewski et al. [312], where 64-64 lipids can be found in each
membrane leaflet (nlipid = 128) while an additional 50 water molecules per headgroup were
inserted in the simulation box (nwater = 6400). Lipid molecules were modelled by OPLS-AA
[312] and water molecules by TIP3P [312] in a cubic simulation box, using periodic
boundary conditions.
3.2.1.2 Studied organic molecules
The OPLS-AA force field parameters with 1.14*CM1A partial atomic charges have
been generated using the LigParGen [313]–[315] for all the studied organic molecules. Total
6 different systems were used to understand the structural effects of the products of CO21,3-butadiene reaction on biological membranes, and pure DPPC membranes were used as
reference: DPPC in the presence of EVL, LAC2, LAC3, BDDI, AC1 and AC2 (Figure 5).
After the equilibration of the DPPC membranes, an additional 100 permeant
molecules have been inserted into simulation boxes in random positions. The final
concentrations are cEVL = 119.19 g/dm3, cLAC2 = 119.04 g/dm3, cLAC3 = 118.81 g/dm3,
cBDDI = 115.67 g/dm3, cAC1 = 118.5 g/dm3 and cAC2 = 118.65 g/dm3.
3.2.2 Parameters of MD simulations
3.2.2.1 Membrane simulations
The same simulation protocol was applied here as in the case of the NSO-HET
molecules. Each simulation was 1125 ns long, except for the additive free DPPC membranes,
where the simulation was 125 ns long. Out of these simulations the first 25 ns were
considered as part of the equilibration, so total we had 1100 and 100 ns long simulations to
evaluate.
3.2.2.2 Pure Liquid Densities
Pure liquid densities of the compounds were obtained from pure liquid simulations
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where 1500 molecules were inserted into each simulation box. The simulation protocol was
the same as in the case of membrane simulations, where production runs were 20 ns long.
The density distribution of the liquid phase was obtained by Voronoi tessellation as described
in Chapter 2.3.1 and. [271]
3.2.3 Free Energy Calculations
3.2.3.1 Free Energy of Hydration
Hydration free energies (ΔGhyd) of the solutes were calculated based on the
thermodynamic cycle, by annihilating the molecules from vacuum to solvent phase. [316]
To obtain ΔG of the investigated compounds both ab initio and MD based methods were
used.
3.2.3.1.1 Ab initio Based Calculations of ΔGhyd
For the ab initio calculations the G3MP2B3 composite method [317], [318] was used as
implemented in the Gaussian09 [197] program package. According to this method, single
point calculations were carried out using QCISD(T)/6-31G(d) and MP2/GTMP2large levels
of theories based on B3LYP/6-31G(d) [319] geometries. During optimization ‘tight’
convergence criteria was applied, while the harmonic wavenumbers were scaled by a factor
of 0.96 [317], [318]. For the solvent phase calculations SMD [266] was used as an implicit
solvent model for water to obtain ΔGhyd,G3MP2B3 values.
3.2.3.1.2 MD Based FEP Calculations for ΔGhyd
To obtain the hydration free energies (ΔGhyd,MD), a single solute was hydrated by
2000 TIP3P water molecules, which provided a sufficiently large simulation box to avoid
unwanted interactions with the periodic images. While the general settings of the simulations
were the same, only 20 ns production runs were conducted. A total of 40 windows were used
to obtain ΔGhyd,MD. First the van der Waals interactions were scaled (λvdw) to full strength
(from 0 to 1) than the Columbic interactions (λCol) (from 0 to 1 also) to avoid extreme
attractions in the electrostatic potential. [316], [320] The scaling went linearly increasing by
0.05 in each step. Free energy was computed using the Bennett Acceptance Ratio (BAR)
[321] algorithm as implemented in GROMACS and the free energy difference (ΔGi) is
calculated between each consecutive simulation window.
In order to validate the obtained ΔGhyd values, phenol was used as a test compound,
as for the investigated molecules no hydration free energy data was available. The applied
methods prove to be in a good agreement with the available experimental values (at
T = 298.15 K ΔGhyd,EXP,1 = -27.18 kJ/mol [322], ΔGhyd,EXP,2 = -26.77 kJ/mol [323]). In this
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case the MD based calculation of the hydration free energy was found to be more accurate
(ΔGhyd,MD = -25.58 kJ/mol) compared to the ab initio based method (ΔGhyd,G3MP2B3 = 22.69 kJ/mol).
3.2.3.2 Free Energy of Penetration
To characterize the energetic nature of the penetration mechanism of the hereby
investigated compounds, well-tempered metadynamics simulations were carried out and the
density based method was also applied. CV(s) was selected to sample the free energy
difference of the solute molecules moving along the membrane normal from the bulk phase
to the other side of the membrane. The settings of WT-MD simulations, such as the time
length of the addition of Gaussians, their width and height, the bias factor and the position
of walls are shown in Table 4. Other parameters of the WT-MD were identical to the
production runs (see Chapter 3.2.2.1), while their length was 1 μs long.
Table 4 Parameters of the WT-MD simulations for studying the penetration of the derivatives of 1,3butadiene and CO2 reaction. In the table ω indicates the height and σ indicates the width of the
Gaussians and t’ is the time difference between Gaussians are deposited.
Permeants
EVL
LAC2
BDDI
AC1

N
1
100
1
100
1
100
1
100

ω

σ

(kJ/mol)

(nm)

1.0
10
10
10
10
2.2
1.0
2.2

0.35
0.3
0.1
0.3
0.3
0.1
0.1
0.1

t’
(ns)
3
1
1
1
1
3
3
3

Bias factor
10
25
15
25
35
15
10
15

Position of
the Walls
(nm)
3.5
3.4
3.6
3.8
3.8
3.6
3.5
3.15

3.3 VAPOR LIQUID EQUILIBRIUM AND SUPERCRITICAL PHASE OF 1,3BUTADIENE
3.3.1 System Preparation
Table 5 Interaction parameters and the schematic figure of 1,3-butadiene obtained from LigParGen
[313]–[315]

Atom name
C1,C4
C2,C3
H1,H2,H5,H6
H3,H4

σ (Å)
3.550
3.550
2.500
2.500

ε (kJ/mol)
q (e)
0.317984 -0.2344
0.317984 -0.1558
0.125520 0.1280
0.125520 0.1341

The all-atom optimized potentials for liquid simulations (OPLS-AA) force field
parameters with 1.14*CM1A partial atomic charges for 1,3-butadiene have been generated
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using the LigParGen [313]–[315]. The obtained Lennard-Jones parameters (σ and ε) and
formal charges (q) are shown in Table 5, further force field parameters are collected in
SFigure 1 of [271]. The initial configurations were created by the GROMACS built-in
program inserting a total 3000 butadiene molecules into an initial simulation box (6.5
nm×6.5 nm×10 nm).
A unified radial distribution of the molecules at larger distances cannot be assumed
for two-phase and supercritical system due to their large density inhomogeneities. [221]
Therefore, for each simulation, the cut-off distance was set to 3.0 nm which was smaller than
half the dimension of the liquid phase at each investigated temperature. [218], [270] The
electrostatic interactions have been accounted using the SPME method [311], which have
been found to be appropriate for VLE simulations. [324] In all of these MD simulations, the
heavy-atom-hydrogen distances have been fixed by the means of P-LINCS [252] algorithm
as implemented in GROMACS. For both NVT and NPT simulations, 2 fs time step was
chosen.
3.3.2 Two-phase Molecular Dynamics (2φMD) simulations
To obtain the slab geometry the initial simulation box was expanded along the Z axis
to 90 nm. First, the initial configuration was optimized until the maximum force was less
than 500 kJ/mol. This was followed by a 1 ns long equilibration run in NVT ensemble using
Berendsen thermostat [253], where the coupling constant was set to 1.0 ps. The production
runs were 20 ns long, using NVT ensemble, where temperature was controlled using the
Nosé-Hoover thermostat [254], [255] with a coupling constant of 1.0 ps. The equations of
motion were integrated with 2 fs time steps and structures have been saved to a trajectory
file for analysis in every 10 ps. During evaluation only the final 10 ns were analyzed to
ensure the equilibrium state achieved for the two-phase (2φ) systems. Simulations were
carried out at 16 different temperatures in the range of 278-448 K.
According to the 2φMD methodology [217], [270] suggested by Fern et al., one-phase
(1φ) simulations have been conducted both in liquid and vapor phase at each investigated
temperature as a self-consistency check to ensure that the correct values for the density are
obtained, thus removing all arbitrary choices in phase definition. Gas phase simulations were
ran in the NVT ensemble with same settings as the general slab simulations, while NPT
ensemble was used for liquid simulations where pressure was kept at 1 bar by using
Parrinello-Rahman pressure control [257] with a coupling constant of 1.0 ps during the 10 ns
long production run. The initial configurations of the 1φ simulations were selected from the
final configurations of the slab simulations.
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3.3.3 Supercritical phase simulations
Above the critical point the two phases disappear thus 2φMD is not applicable
anymore thus supercritical simulations have been conducted in the NPT ensemble. The
pressure and temperature dependence of the supercritical phase structure has been tested by
keeping either the temperature (T = 430 K) or pressure (P = 53 bar) constant, then raising
the pressure or temperature gradually by 10 bar or 10 K in the range of 410 K-470 K and 4393 bar, respectively. Other parameters of the simulations are equivalent with the liquid phase
simulations.

3.4 VALIDATION
3.4.1 CHARMM and OPLS-AA lipid force fields
In order to make sure that the hereby used settings with the OPLS-AA and
CHARMM36 force fields are correct the obtained data was compared with literature data.
All literature data are from Lα phase membranes, such as the data from simulations. A good
agreement was found in the case of all membrane parameters, electron density profiles and
deuterium order parameters. The comparison of membrane parameters are found in Table 6
while EDP-s and SCD-s are shown in Figure 19. Based on these results the hereby used
methods with the applied force fields were suitable to investigate structural membrane
parameters, as almost all data is within the range of absolute deviation, except in the case of
VPL, but the deviation is below 2% even in this case.
Table 6 Comparison of the values of the obtained membrane parameters with Lα phase experimental
data
Membrane
parameter
APL (nm2)
VPL (nm3)
DHH (nm)
KA (mN/m)

Experimental data

0.629 ± 0.013 [59]
1.232 [60]
3.83 [60]
231 ± 20 [60]

CHARMM36 (330K)

0.618 ± 0.014
1.214 ± 0.00023
3.70 ± 0.45
214.57 ± 34.8

OPLS-AA (323K)

0.637 ± 0.014
1.203 ± 0.0098
3.64 ± 0.34
225.31 ± 6.10
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Figure 19 The comparison of CHARMM36 (blue), OPLS-AA (red) and experimental (green) data
of electron density profiles [58] (panel A) and deuterium order parameters [325] (panel B) of DPPC
membranes

3.4.2 Cut-off dependence of the density of 1,3-butadiene
As the cut-off value for the simulations were increased compared to the default value,
the dependence of density on the cut-off during simulations of 1,3-butadiene have been
investigated throughout the entire temperature range for both the VPL and the supercritical
phase. The effect of the increased cut-off values is negligible on the density of the individual
vapor and liquid phases (Figure 20) and the computed densities were also consistent with
the experimental values [326] shown in Table 7.

Figure 20 Temperature dependence of liquid (ρliq) and vapor (ρvap) phase densities of 1,3-butadiene
by comparing the effects of different cut-off values in nm. All experimental data have been taken
from the Dortmund Databank [326]
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Table 7 Experimental [326] and calculated densities of vapor and liquid densities of 1,3-butadiene
at different temperatures below the supercritical temperature.

T (K)
278
298
308
311.88
318
326.19
328
333
338
352.77
368
368.82
388
408

ρvap,exp
ρliq,exp
(kg/m3) (kg/m3)
642.35
618.02
598.731
9.61 597.05

ρvap,2φMD
ρliq,2φMD
(kg/m3)
(kg/m3)
3.97±0.02 647.56±0.22
6.74±0.04 615.47±0.8
8.89±0.05 599.37±0.89
10.38±0.54 591.46±0.98

14.56

577.6
14.77±0.38 576.13±0.98

26.13

567
563.38
537.46

17.3±0.75 559.23±1.15
33.23±0.86 516.45±0.78

36

511.9
44.44±0.46 469.28±1.06
73.57±0.35

Near the supercritical phase the dependence of densities at different pressures and
temperatures on cut-off can be seen on Figure 21, where it can be stated that the effect of
cut-off only counts at higher pressures and in the region of the phase transition to SCF.

Figure 21 Temperature dependence of supercritical phase densities of 1,3-butadiene by comparing
the effects of different cut-off values. All experimental data have been taken from the Dortmund
Databank [326]
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4 RESULTS AND DISCUSSION
As described in the Introduction, chemicals can alter the function of cells by interacting
with and/or permeating inside biological membranes. A possible method for understanding
this process is by using Molecular Dynamics simulations, with which several structural
parameters of the membrane and the energetics of the permeation process can be analyzed
in detail.

4.1 TRANSMEMBRANE PENETRATION MECHANISM OF NSO-HET MOLECULES.
1,4-DIOXANE, PHENOL, MORPHOLINE AND OXANE
The goal of this study was to understand the membrane structure altering properties of
1,4-dioxane, oxane, phenol and morpholine (NSO-HET molecules), and also to investigate
the energetics of penetration by applying two different methods. For the penetration
mechanism two concentrations were used in the case of 1,4-dioxane and phenol, to
understand the possible effect of concentration on the mechanism.
4.1.1 Effect of NSO-HET molecules on density profiles

Figure 22 Mass density distributions obtained from MD simulations of the DPPC composed
membrane systems along the membrane normal (Z) in the presence of the different NSO-HETs, 1,4dioxane, phenol, oxane and morpholine. The overall mass densities are decomposed into subsections
to highlight the inner structure of the biomembranes. Red – complete system, Orange – DPPC, light
blue – water, green – choline, dark blue – phosphate, gray – ester, pink – terminal methyl-groups,
black – NSO-HETs.

The mass density profiles along the membrane normal are shown in Figure 22 for the
studied systems composed of DPPC, water and NSO-HET molecules. Besides the total mass
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density, the spatial contributions of the additional cyclic compounds and water molecules as
well as that of phosphate, methyl, choline and ester groups of DPPC are presented. Out of
the investigated NSO-HETs, phenol has the most visible effect on the density distribution of
DPPC membranes as the distribution of the selected atomic groups having larger variance.
This phenomena indicates that the membrane becomes less structured and the position of the
groups become less delimited in position. Oxane has a similar effect but with smaller visible
extent.

Figure 23 Snapshots from the MD simulations conducted for DPPC and different NSO-HET
molecules, 1,4-dioxane, phenol, oxane and morpholine.

The equilibrium snapshots of the simulated systems are shown in Figure 23 and the
non-symmetrized mass density profiles of solely the NSO-HET molecules are shown in
Figure 24. While most of 1,4-dioxane and morpholine molecules are found dissolved in the
bulk phase, only a small amount (~ 0.02 g/cm3) of oxane molecules are outside the
membrane, and only a negligible amount of phenol molecules are in this region - as presumed
by their positive log(KOW) (see Table 1). From this the partition coefficient can also be
calculated, which shows the average proportion of NSO-HET molecules between the bulk
phase and the membrane interior. In the case of morpholine and dioxane almost two times
more (52% and 41% respectively) NSO-HETs can be found in the bulk phase. At the same
time in the case of oxane and phenol 3.5 and 10 times more NSO-HETs are found in the
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membrane interior. In the cases of the latter two cyclic compounds the membrane bilayer is
also found to be in a more disturbed and disordered phase.
Around the position of the head groups (| Z | ≈ 2 nm, Figure 22) the density of all
NSO-HETs is minimal. After the permeants penetrate inside the membrane (to the site of the
ester-groups) their local concentration grows and reaches a local maximum in the case of
1,4-dioxane and morpholine while a global maximum concentration was achieved here for
oxane and phenol. The maximum concentration of oxane is 0.095 g/cm3, while for phenol it
is almost the double (0.17 g/cm3). In the center of the bilayer the concentration of all NSOHET molecules is negligible, except for oxane, of which concentration is 0.057 g/cm3. By
quantifying this data it can be said that in average in the vicinity of each ten DPPC molecules
two morpholine or dioxane, six oxane and seven phenol molecules are found.

Figure 24 Non-symmetrized mass density profiles obtained from classical MD simulations of the
NSO-HET molecules in the vicinity of DPPC model membranes.

4.1.2 The Effect of NSO-HETs on Structural Membrane Parameters
Structural membrane parameters of the simulated membrane systems are shown in
Figure 25. All investigated NSO-HETs affect DPPC membranes in a similar way, while the
magnitude of change is different. The presence of the pollutant molecules lead to a
significant increment in the values of both APL and VPL, while the thickness of the
membrane and the orderliness of the lipid tails decrease. Based on the mass density profiles,
all NSO-HET molecules have a density peak at the inner site of the ester groups. As the
cyclic compound penetrates between the membrane headgroups the membrane expands as
shown by the growth of APL and VPL. This bloating leads to a larger lateral outspread of
lipid tails in a more disordered conformation with a shorter relative length.
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Figure 25 Area per lipid (APL in nm2), Volume per lipid (VPL in nm3), Membrane thickness (DHH
in nm) and Deuterium Order Parameter (SCD) of the investigated DPPC membrane – NSO-HET
systems obtained from MD simulations. The structural parameters of clear DPPC membranes are
shown as reference. Clear DPPC membrane is indicated with black, 1,4-dioxane, phenol, oxane and
morpholine are indicated with green, blue, orange and yellow respectively.

1,4-dioxane and morpholine have an almost identical effect on the investigated
membrane parameters, while the presence of phenol or oxane causes a more drastic change
in most cases. While APL is the largest in the case of phenol, the VPL is the lowest out of
the investigated compounds. The membrane thickness is the smallest in the presence of
oxane molecules which found with 0.057 g/cm3 density in the central region of the bilayer.
This phenomena is responsible for the VPL being the largest in the case of this NSO-HET.
The most disordered lipid chains can be found in the case of oxane and phenol - which are
almost identical for the last 7 carbon atoms in the case of both acyl chains – which found in
the largest concentration inside the membrane bilayer. Volume per lipid was obtained also
as the product of APL and the thickness of a single membrane layer (DHH/2), with which the
membrane expanding effects of the NSO-HET molecules was confirmed.
Based on the density distribution of the NSO-HET molecules and the obtained
membrane thickness the membrane-bulk phase partition coefficient can be calculated by the
following equation:
𝑃𝑚𝑒𝑚/𝑏𝑢𝑙𝑘
=

+𝐷𝐻𝐻 /2
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,where ρNSO-HET (Z) is the density of the NSO-HET molecule, DHH is the membrane thickness
and Zbox is the length of the z axis of the simulation box. The logarithm of Pmem/bulk can be
then directly compared to the experimental logKOW shown in Table 1. The obtained values
were the following: -0.36, 0.95, 0.56 and -0.26 for 1,4-dioxane, phenol, oxane and
morpholine respectively which match the trends of octanol-water partition coefficients.
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4.1.3 WT-MD based free energy profiles of NSO-HETs
The obtained free energy profiles using WT-MD of phenol, oxane, morpholine and
1,4-dioxane can be seen in Figure 26, where similar amount of NSO-HET molecules
(N = 100) are present in the simulated systems. For the representation, the bulk phase was
used as the reference point, as 0 kJ/mol.

Figure 26 Free energy profiles obtained by WT-MD of NSO-HETs (phenol, morpholine, oxane and
1,4-dioxane indicated with blue, yellow, orange and green, respectively) penetrating inside DPPC
membranes.

To the best of our knowledge, no reported free energy profile had been published for
the systems studied in this work, only exception is the case of phenol [327] for which the
free energy profile in an aqueous DMPC membrane was obtained using a model extension
of semiempirical mean field COSMO-RS approach (COSMOmic). From this calculation,
two distinct minima had been identified along the DMPC membrane surface normal: global
minimum at 1.2 nm from the membrane center with roughly 14 kJ/mol and a local minimum
at 1.8 nm with 10 kJ/mol. Although the latter shallow minimum is not found in our model
system, the main minimum is consistent with our membrane model.
Morpholine and 1,4-dioxane have a similar free energy profile, which explains their
similar membrane structure altering properties and mass density profiles. The lowest free
energy corresponds to the bulk water region (|Z| > 3 nm) which is therefore the
thermodynamically preferred state for 1,4-dioxane and morpholine. As these pollutants
approach the bilayer surface ΔG starts to grow sharply until it reaches the head groups where
the free energy profile reaches a relatively small local maximum of ΔG ≈ 5.5 kJ/mol at
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|Z| ≈ 2 nm. At the inner site of the ester groups, |Z| ≈ 1.2-1.5 nm, both morpholine and 1,4dioxane reaches a metastable state, where free energy drops down to 0.9 kJ/mol in the case
of morpholine and 1.6 kJ/mol for dioxane. The local density maximum of both NSO-HETs
is consistent with this free energy plateau. As the compounds approach the bilayer center the
free energy steeply grows until it reaches the global maximum of 6 kJ/mol and 7.7 kJ/mol
for dioxane and morpholine, respectively.
On the other hand phenol and oxane behaves significantly different. The bulk water
phase and the membrane central region are thermodynamically the least favorable for
phenol, which supports the density profile of this NSO-HET. At the inner site of the ester
groups, at |Z| ≈ 1.1 – 1.2 nm, phenol has its global free energy minimum (ΔG = -9.3 kJ/mol),
which cohere with its high mass density in this position. In the case of oxane the global free
energy maximum is found at the headgroups region of the membrane (|Z| ≈ 2 nm), where
ΔG = 3.3 kJ/mol. After passing the head groups region the free energy profile of oxane
decreases, reaching its global free energy minima (ΔG = -3.3 kJ/mol) at |Z| ≈ 1.0-1.2 nm at
the inner site of the ester groups, and even at the center it has a free energy barrier of only 1.3 kJ/mol. This explains why a reasonable amount (0.057 g/cm3) of oxane molecules can
be found at the bilayer center.
4.1.4 Concentration Dependence of Free Energy of Permeation. 1,4-dioxane and
phenol.
In the case of 1,4-dioxane and phenol the concentration dependence of the free
energy of permeation was also investigated. While in the former case metadynamics was
used for comparison, and it was validated by using WT-MD, in the latter case solely WTMD was used.
The obtained free energy profiles of 1,4-dioxane penetration along axis Z are shown
in Figure 27. In the case of dioxane the diluted system is one order of magnitude smaller
compared to the DIOX-DPPC system in the previous sections. As the metadynamics and the
WT-MD results agreed within chemical accuracy, further on only the metadynamics results
will be discussed in this case. The starting point of the growth of free energy appears to be
closer to the bilayer center for the more concentrated system by 0.5 nm while the relative
free energy values appear to be somewhat higher for the diluted system (ΔGdiluted) than that
of the concentrated one (ΔGconc). This means that the penetrating dioxane molecules make
the membrane more accessible for additional dioxane molecules. The height and the position
of the local free energy barrier at the sight of the head groups shows only a weak
concentration dependence: ΔGdiluted = 8.3 kJ/mol at |Z| = 2.2 nm and ΔGconc = 6.5 kJ/mol at
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|Z| = 1.97 nm for the concentrated system. As dioxane penetrates inside the membrane the
free energy profile reaches a metastable state where ΔGconc = 6.4 kJ/mol and
ΔGdiluted = 3.3 kJ/mol, which corresponds to the site of the ester groups (|Z| = 1.6-1.1 nm).
As 1,4-dioxane approaches the bilayer center free energy starts to grow steeply again until
it reaches the global free energy maximum in the bilayer center where ΔGconc = 16.7 kJ/mol
and ΔGdiluted = 10.4 kJ/mol.

Figure 27 Free energy profile of 1,4-dioxane penetration into a DPPC bilayer. The light green curve
represents the results of the metadynamics simulations for the system having 100 1,4-dioxane
molecules in the simulation (the average dioxane concentration is 0.07510 g/cm3), while dark green
is for 0.007510 g/cm3 dioxane concentration. The dashed black curve indicates the results of the WTMD simulation carried out for the system having 100 1,4-dioxane molecules. The estimated error of
ΔG is 4 kJ/mol.

Molecules with both hydrophilic and lipophilic groups demonstrate a sinusoidal
pattern where the free energy decreases near the interface and increases at the center of the
membrane bilayer. This pattern is commonly witnessed among biomolecules such as
methanol [328], [329] or acetone [330], which is similar to the obtained results for 1,4dioxane.
Due to the relatively small height of the free energy barrier, DPPC membranes can
be permeable for 1,4-dioxane which effect can be further enhanced by increasing dioxane
concentration. This allows us to speculate that the presence of dioxane might also make the
membrane more permeable for additional molecules, similar to the effects of alcohol. [331]
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Figure 28 Free energy profiles obtained by WT-MD of phenol penetrating inside DPPC membranes
in two different concentrations (cN=100 = 0.08020 g/cm3 and at cN=1 = 0.0008020 g/cm3) where either
100 or 1 phenol is present in the simulation box indicated with dark and light blue, respectively.

To further test this finding, WT-MD simulations for phenol were carried out in two
different

concentrations,

at

cN=100 = 0.0802 g/cm3,

concentrated

systems and

at

cN=1 = 0.000802 g/cm3, diluted systems, respectively. As Figure 28 shows, the obtained free
energy profiles reinforce our previous findings, since the trends of both profiles are similar:
the only preferred position for phenol molecules are on the inner side of the ester groups at
|Z| ≈ 1.2 nm, where ΔG= -9.8 kJ/mol. In the bulk phase the free energy is relatively constant
until |Z| ≈ 2.1 nm in the diluted systems. On the contrary, at high phenol concentration,
between |Z| ≈ 3.5-2 nm, the free energy decreases uniformly from 0 kJ/mol to -1.9 kJ/mol.
The penetration through the membrane headgroups is barrierless at low phenol
concentration. The largest free energy difference between the two free energy profiles is
found at the bilayer center, (ΔGN=1 = 3.3 kJ/mol and ΔGN=100 = 1.2 kJ/mol). While this
difference does not exceed the limit of the chemical accuracy, the trend seems to be constant
and in line with the results of 1,4-dioxane.
4.1.5 Free energy profile of penetrating water molecules in the presence of NSOHETs.
In principle, cyclic compounds can also change the membrane properties in such a
way that the membrane becomes more permeable to additional molecules, which can result
in the alteration of membrane functions. To investigate this scenario, a single water molecule
has been pulled into each bilayer in the case of all simulated systems by using WT-MD of
which free energy profiles are shown in Figure 29. Additive free (pure) DPPC membranes
were used as a reference for these simulations which reproduce both the shape of the profile
and the height of the free energy barrier in Ref. [107].
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Figure 29 Free energy profiles obtained by WT-MD of a single water molecule penetrating inside
DPPC membranes in either clear environment (black), or in the presence of 100 NSO-HET
molecules: phenol (blue), morpholine (yellow) or oxane (orange).

The shapes and tendencies of the free energy profiles of all different systems are
similar. After reaching the membrane headgroups between |Z| ≈ 3.2-2.2 nm, of which
position depends on the thickness of the bilayer, the free energy of water molecules starts to
rise steeply until reaching the bilayer center, where one single peak is found. In the case of
pure DPPC membranes this peak is at 25.4 kJ/mol. For high concentration of morpholine
and phenol, the height of the free energy barrier is within 1 kJ/mol (ΔG = 24.3-25.2 kJ/mol)
compared to the case of the pure DPPC. When 1,4-dioxane is found in the system the
difference is slightly higher as the peak is at 23.2 kJ/mol. On the other hand, the free energy
barrier for water penetration is significantly lower at high oxane concentration
(ΔG = 20.8 kJ/mol). The presence of NSO-HETs also decreases the width of the water
penetration barriers. The smallest width is found in the case of phenol (0.16 nm) and 1,4dioxane (0.14 nm). For oxane (0.54 nm) and morpholine (0.46 nm) this value is rather
similar again while it is 0.73 nm for the pure DPPC system.
As previously described, oxane is the only molecule of which position is
thermodynamically favorable inside the membrane bilayer. In terms of the density of water
molecules in the bilayer center it means, that almost 5 times more water molecules are
present in oxane polluted systems compared to all other NSO-HET systems and more than
6 times more compared to clear DPPC membranes.
4.1.5.1 Classical Molecular Dynamics Based Free Energy Calculations (D2E)
If the membrane penetration is not energetically demanding, and the process is well
sampled, classical molecular dynamics simulations can also be used for the computation of
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free energy profiles (D2E). This mass density-based approach for the calculation of the free
energy profile is computationally much less demanding and the results are obtained directly
from classical MD simulations which provide consistent free energy profile with the ones
from enhanced techniques. As seen in Figure 30, the results of the two methods are nearly
identical for each investigated NSO-HET molecules; the largest difference is found in the
case of the free energy profile of phenol, where the largest deviation is less than 1 kJ/mol,
thus it meets the requirements of chemical accuracy.

Figure 30 Comparison of the WT-MD and the MD based free energy calculation (D2E) methods for
NSO-HETs (phenol, morpholine, oxane and 1,4-dioxane indicated with blue, yellow, orange, and
green, respectively) penetrating inside DPPC membranes. With dashed, pale lines the results of the
WT-MD simulations, while with solid lines and colors the results of the MD-based method are
shown.

The robustness of the classical MD-based method can be further tested even for the free
energy profile of water penetration. As it is seen in Figure 31 the density-based ΔG curves
agree well with the results of the WT-MD simulations. The largest differences between the
curves are found in the bilayer center in the case of 1,4-dioxane polluted systems, where the
largest deviation is around 3 kJ/mol. This can be simply explained by the poorer sampling
in the bilayer center, where the concentration of water molecules drop down near zero.
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Figure 31 Comparison of the WT-MD and the classical MD based free energy calculation (D2E)
methods for water molecules in the presence of NSO-HETs (phenol, morpholine, oxane, 1,4-dioxane
and clear DPPC membranes indicated with blue, yellow, orange, green and black respectively)
penetrating inside DPPC membranes. With dashed, pale lines the results of the WT-MD simulations
is shown, while with solid lines and colors the results of the MD based method.

The classical MD based approach was also tested whether it works for understanding
the concentration dependence of free energy profiles in the case of the two investigated
phenol concentrations (Figure 32). While in the case of the larger phenol concentration an
excellent match is found - the D2E method shows a slightly (~1 kJ/mol) higher free energy
barrier in the bilayer center - in the case of the lower concentration the deviation is more
significant, and the free energy is lower along the whole profile, by 7-10 kJ/mol. This shows
that the sampling of the different regions in the case of a sole phenol molecule is insufficient
to represent an equilibrium density distribution.
From these results it is clearly visible, that in some cases the use of enhanced sampling
methods is not necessary. If the classical MD simulation is carried out for a sufficiently long
time, and the examined molecule is found to be in equilibrium between the different
membrane regions than the density profile can provide a quick glance at the free energy of
penetration for small, neutral, organic compounds.
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Figure 32 Comparison of the WT-MD and the MD based free energy calculation (D2E) methods of
phenol molecules into DPPC membranes in two different concentrations (cN=100 = 0.0802 g/cm3 and
at cN=1 = 0.000802 g/cm3, dark blue and light blue respectively). With dashed, pale lines the results
of the WT-MD simulations are shown, while with solid lines and colors the results of the D2E
method.

However, in the case of non-equilibrium simulations, charged or large molecules, which
movement is highly restrained in the vicinity of a cell membrane, or as seen in the case of
small concentrations or badly sampled simulations, the classical MD-based approach can
lose its accuracy.
4.1.6 Detailed analysis of the effect of 1,4-dioxane on DPPC model membranes
4.1.6.1 Area per Lipid
In the case of 1,4-dioxane further analysis have been carried out. It is worth
mentioning that literature APL values are scattered in a large range depending on its indirect
measurement and state of the membrane phase. [332] Based on molecular simulations, the
average APL can also be derived from different methods. Conventionally, it is calculated
from the lateral dimensions of the simulation box divided by the number of lipids in a
membrane leaflet, or via a Voronoi tessellation (VT) based techniques, as described in
Chapter 2.4.1.
In the case of 1,4-dioxane both types of APL calculations have been carried out, to
compare the results and observe the distribution of this value, which is shown on Figure 33
and Figure 34, respectively.
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Figure 33 Average area per lipid (APL) calculated by conventional and Voronoi tessellation-based
approaches for DPPC membranes without and with the presence of 1,4-dioxane. Average APL
obtained from all phosphorus atoms using conventional (black) and Voronoi tessellation approach
(green). APL is also calculated from all phosphorus atoms which have 1,4-dioxane molecules within
its 0.5 nm radius (red).

Figure 34 Probability distributions of area per lipid (APL) obtained by Voronoi tessellation
approach. The total APL distribution is shown in black while the local APL distribution of
phosphorus atoms which have 1,4-dioxane molecules within its 0.5 nm radius are in red. Lognormal
distribution fits are also indicated in the diagrams.

In the case of the pure system, the average APL values obtained from conventional
and VT-based approaches match perfectly (first panel of Figure 33) and their relative
deviation from experiment is only 2% (APLcalc = 0.62 ± 0.14 nm2, APLexp = 0.63 ± 0.13 nm2
[59]), basically within its uncertainty.
In the presence of dioxane, the average APL value increased by more than 0.05 nm2
for DPPC membranes. To understand the local disturbances caused by 1,4-dioxane
molecules, phosphorous atoms which are within 0.5 nm of dioxane molecules are selected
from the VT-based APL calculation (see red columns in Figure 33 and Figure 34), where
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the probability distributions of the total and local APL values are calculated and shown in
Figure 34. The average of such local APL values found to be significantly larger than that
of the conventional APL (more than 8% growth), namely 0.70 nm2 for DPPC membrane
which means that the lipid heads are pushed away due to the vicinity of dioxane. It is worth
mentioning that the total APL distribution of the pure system is in the range of 0.30 and
1.10 nm2 while in the presence of the NSO-HET molecule the upper tail of the system
reaches over 1.20 nm2 (shown in black in Figure 34) which can be well described using
lognormal distribution. However, assumption of normal distribution and arithmetic mean as
expected value results within 0.02 nm2 of the expected values of APL obtained from the
proper lognormal fit (Figure 34) making a reasonable trade-off of APL widely used in the
literature. [99], [286], [333] At the same time if the highest probability of APL is calculated
(the mode of the APL distribution) the APL is significantly lower: 0.58 nm2 for the pure
systems and 0.62 nm2 in the presence of 1,4-dioxane.
4.1.6.2 Water orientation profiles and the determination of the interfacial regions
Previous studies proved that based on the orientational order of the water molecules,
four different regions can be separated in the membrane interface. [54]–[56] By means of
orientational functions, charge densities and water density profiles, we have defined the bulk
phase and these four different regions in the interfacial area, which are in line with the
Marrink and Berendsen model. [334] Data will only be discussed regarding the negative side
of the membrane normal Z. The definition and calculation of the mentioned orientations and
vectors are described in Chapter 2.4.2. As the interface normal is fixed to point from the
negative side to the positive, and α can be in the range of 0° and 180°, opposite orientations
can be observed on the two sides of the membrane in the case of dipole orientation
distribution. If the molecules do not have preferred alignment, then Φα(Z), Φβ(Z) and Φγ(Z)
are fluctuating around 0. If Φβ(Z) is lower than 0, it indicates a more perpendicular, and if
Φβ(Z) larger than 0, it indicates a more parallel alignment of the normal vector with the
membrane surface. For Φγ(Z) the opposite is true, thus if Φγ(Z) is lower than 0, it indicates
that the H-H vector can be found in a more parallel alignment with the membrane surface,
and if its larger than 0 it is in a more perpendicular alignment with the membrane surface.
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Figure 35 Number density profiles and orientation functions of water and total charge density profile
across the membrane/water interfaces. The Z = 0 corresponds to the center of the membrane. The
dashed vertical lines indicate the borders between the regions of the interface. The results for clear
DPPC membranes are shown as black solid lines, while red solid lines indicate the membranes in the
presence of 1,4-dioxane

The number density, the orientation function of the dipole, normal and H-H vector
as well as the charge density profile of water molecules are shown in Figure 35. In the bulk
phase, all these orientation functions are practically zero which in this case means there is
no preferred direction for water molecules. Since the phosphatidylcholine headgroups
contain negatively charged phosphate and positively charged tetramethylammonium groups,
they determine mainly the orientation of the dipole moments of water molecules as they
preferentially turn towards the negatively charged groups. Dipole, normal and H-H vectors
are all sensitive to the presence of charged headgroups, therefore their orientation functions
can be used for determining the border of the bulk phase (Figure 35) thus defining the outer
border of Region I. Since the orientation function of H-H vector, Φγ(Z), is the most
responsive to the structural changes, the borders of the Region II are defined by its stationary
points, which coincidence with the inflexion points of the orientation function of the dipole
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vector Φα(Z). Finally, the border between Region III and IV can be given by the coordinate
where Φα(Z) becomes zero again.
In the first interfacial region (noted as Region I), water density started to decrease
slowly as seen in the top panel of Figure 35. Φβ(Z) almost reached a minimum here, while
Φα(Z) showed quick growth, and Φγ(Z) reached a maximum, which was chosen as a border
of this region. These changes manifested as the plane of water molecules are more likely to
be found in a perpendicular orientation relative to the bilayer. The increase of Φα(Z) indicates
that the dipole moments of water molecules start to point towards the phosphate groups. For
the dioxane containing systems, Region I is more positively charged while the clear system
showed no charge accumulation here.
In the second region, Φα(Z) reached a maximum, the orientation function of the
normal vector linearly increased while Φγ(Z) decreased as getting closer to the middle of the
membrane. This region is negatively charged for each system while this effect is more
pronounced for the dioxane containing systems resulting a more polarized outer layer for
these membranes. Here, the dipole moment vectors enclose around ~0° with the surface
normal, which means that the dipoles are pointing towards the membrane surface.
In the third region, water density vanished slowly and the decrease of Φα(Z), as well
as the increase of Φγ(Z) to zero, indicate that water molecules are slowly losing their
orientation preference. Before the vanish of the orientation preference occurring at the inner
part of Region III, the presence of the peak of Φβ(Z) indicates that water molecules are taking
a more planar alignment due to the presence of the ester groups.
In the central region (Region IV) no preferred orientations for water molecules can
be seen based on the orientation profiles most probably due to the low statistical sampling
of water molecules.
4.1.6.2.1 1,4-dioxane orientational profiles along the membrane normal
Similar to water, the orientation preference of 1,4-dioxane had been quantitatively
described by orientation functions of the O-O (Φα(Z)) and normal vector (Φβ(Z)) as a
function of the distance from the center of mass of the membrane (Figure 36). When Φβ is
lower than 0, it indicates perpendicular, if larger, parallel alignment of the normal vector of
the pollutant molecule with the membrane surface. Orientation function of the O-O vector is
centrosymmetric having minima at the border of Region I and II and at about Z = -5 Å (in
Region IV) as well as maximum at Z = -15 Å (in Region III), while the orientation function
of the normal vector is symmetric with a minimum at around |Z| = 8 Å.
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Figure 36 Orientational profiles of dioxane molecules across the membrane/water interface. The
density of dioxane molecules is shown as a reference. The dashed vertical lines indicate the borders
between the different regions.

A structural manifestation of these profiles is that random orientations are preferred
in the bulk phase, then the molecular planes are in a planar position with the bilayer surface
in the first two interfacial regions. The turning of the O-O vector throughout Region III and
IV indicates, that while 1,4-dioxanes approach the membrane, the molecules turn around
their y axis, then turn back into a planar position. This turning can also be observed from the
direct examination of the trajectories. In the inner side of the ester groups of the bilayer, 1,4dioxanes can be found more likely in a parallel position with the membrane interface.
Between the two types of membranes, no significant differences can be inspected.
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4.1.6.2.2 Orientation maps of water and 1,4-dioxane molecules in the membrane
interfacial regions

Figure 37 Orientation distribution maps of water molecules in the DPPC membrane/water interface.
While cos(α) can be varied from -1 to 1, δ is from 0° to 90° due to the symmetry of the water
molecule. The color bars indicate the number of water molecules appearing in each region over
500 ns total simulation.

The two independent vectors (α and δ) of water and 1,4-dioxane molecules can be
represented as maps which gives us a clearer view of their orientation preference in the
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different regions of the membrane/water interface. In the bulk phase (Figure 37), no
preferred orientation can be found. In the first region a slight orientation preference can be
seen as the water molecules are more likely to be found in the 0 ≤ cos(α) ≤ 1 region, while δ
has no effect on the orientations, which means that the dipole moment vectors are starting to
point towards the negatively charged headgroups of lipids, while the orientation of the plane
of water molecules has no preference. This reference is more pronounced in the second
region, but here the dipole orientations (0.5 ≤ cos(α) ≤ 1) obviously show that the water
molecules are in a perpendicular position with the membrane surface still without any δ
preference.
In the third membrane region, the peak orientation is where the likeliness of
perpendicular orientation of the water plane (60° ≤ δ ≤ 90°) is the highest, while the dipole
moment vector is parallel with the bilayer surface (-0.5 ≤ cos(α) ≤ 0.5). In the central region
(Region IV) a distinct peak can be observed in the orientation of water molecules at
60° ≤ δ ≤ 90° and 0.0 ≤ cos(α) ≤ -1, which indicates a quite similar orientation as in the
fourth region, but the dipole vector turns around as the molecules approach the middle of the
bilayer.

Figure 38 Orientation distribution maps of 1,4-dioxane molecules in the different regions of the
DPPC membrane/water interface. While cos(α) can be varied from -1 to 1, δ is from 0° to 90° due to
the symmetry of the dioxane molecule. The color bars indicate the number of dioxane molecules
appearing in each region over 500 ns total simulation.

As Figure 38 shows, dioxane molecules have random orientations in the bulk phase.
In Region I and II, as it was also perceived from the orientation function profiles (see the
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middle panel of Figure 38), the O-O vectors of the cyclic molecules are parallel with the
bilayer surface, but have no preference according to δ. Similar is observed in Region III, but
after the spin of the dioxane around its axis y. In the central region (Region IV), the preferred
orientation of dioxane molecules is within 0° ≤ δ ≤ 30° and 0 cos(α) ≤ -1.0, which means
that the O-O vector is enclosing 90°-45° with the bilayer normal, while its normal vector is
pointing towards the bilayer inner surface, which means a close to planar position of the
pollutant molecule with the bilayer surface.
4.1.7 Summary and Conclusions
The membrane structure and function altering effects of cyclic compounds is an
extensively studied topic. In this work the structural effects and the energetics of the
penetration processes of four NSO-HET molecules - phenol, oxane, 1,4-dioxane and
morpholine - were studied into DPPC membranes. NSO-HET molecules are present in
several industrial processes. The presence of heteroatoms makes these compounds more
water soluble and mobile compared to their homocyclic analogues, leading to a lasting and
easily spreading contamination in industrial sites and also an enhanced risk of contaminated
drinking water resources.
It has been found that aside from oxane molecules no other NSO-HETs have a
thermodynamically preferred position inside the membrane. As a result, when inspecting the
changes in the membrane structural parameters, aside from the APL, all other parameters
change the most drastically in the presence of oxane pollution. When pulling the water
molecules inside the membrane, it has been found, that oxane affects the free energy of its
penetration, by about 4 kJ/mol which results in 5 times more water molecules in the bilayer
center compared to the other simulations.
To test the effect of concentration on the thermodynamic process of penetration,
simulations with two different phenol concentrations were carried out. When pulling phenol
molecules inside the membrane bilayer it has been found that in the presence of higher
concentration the main free energy barrier is 3 kJ/mol lower compared to where only one
phenol is present. When pulling water molecules in the bilayer, while the height is not
changing significantly, the width of the free energy barrier is getting narrower as the
concentration of the NSO-HET molecules grow.
The classical molecular dynamics based free energy calculations for the penetration were
proved to be accurate within the limits of the chemical accuracy, where the concentration of
the cyclic compounds enabled a detailed sampling of the configuration space.
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In the case of 1,4-dioxane four regions of the membrane/water interface were
distinguished by the orientational functions based on the orientational preference of the local
vectors (dipole, H-H and normal vector) bound to the water molecules, which are equivalent
to the membrane regions proposed by Marrink and Berendsen. In the interfacial regions
(Region I, II, III and IV) starting from about 30 Å from the center of the bilayer, not only
water but also dioxane molecules can be found in highly ordered states which have been
analyzed via orientational maps. From these maps it can also be understood clearly that
dioxane is hydrated throughout its dissolution, as water density also increased in the
membrane interior.

4.2 EFFECTS OF THE DERIVATIVES OF THE CO2 AND 1,3-BUTADIENE REACTION
ON BIOMEMBRANES
For a greener chemical industry several new potential synthesis routes and products
are introduced in every year, however their environmental and health effects are yet to be
understood. One of these routes is the telomerisation of CO2 with 1,3-butadiene. The effects
of the derivatives of this chemical reaction is investigated on DPPC model biomembranes.
The first step to prevent severe contamination in the environment is to pre-evaluate the
possible effects of the appearing chemicals. In the investigated reaction six products have
been found experimentally, but the characterization of these product is lacking. The goal of
this study was to predict properties of these organic compounds, and to evaluate their
possible effect on membrane structure and free energy of penetration.
4.2.1 Predicted properties of the studied organic molecules
As no previous information was found in the case of the products of the mentioned
reaction, their densities and hydration free energies (Table 8) have been defined.
The densities were obtained by using a Voronoi-tessellation based density calculation
method, as described in Chapter 2.3.1. The butadiene dimer has the lowest density
(ρBDDI = 752.13 kg/m3), as it is the only compound for which dissolution in water is
thermodynamically unfavorable. The lactones have the highest density, which is slightly
above the density of water (from 1004.07 kg/m3 to 1042.19 kg/m3) while the organic acids
have slightly lower densities (ρAC1 = 980.11 kg/m3 and ρAC2 = 994.52 kg/m3). Since the acids
have a free carboxyl group, their dissolution in water is the most thermodynamically
favorable, followed by EVL, LAC2, and LAC3. All lactones have two hydrogen bond
acceptors, which facilitates their dissolution in water.
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Table 8 Hydration Free Energies of the investigated species at 323 K; AD means absolute deviation
between G3MP2B3 and MD data. The uncertainty of the ab initio based method is between 10.517.5 kJ/mol [265]

Species

density in

kg/m3

MD

ΔGhyd in kJ/mol
G3MP2B3
SMD

AD

1042.19

-22.77±0.05

-29.28

6.51

1031.25

-18.94±0.05

-24.96

6.02

1004.07

-15.81±0.03

-18.18

2.37

752.13

6.54±0.06

2.03

4.51

980.11

-29.41±0.24

-31.21

1.8

994.52

-32.95±0.52

-36.55

3.6
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4.2.2 Structural changes of DPPC membranes induced by the studied molecules

Figure 39 Evolution of APL of the different membrane systems over the simulation time. APL values
were obtained in every 10 ps. The data series were smoothed by using 50% percentiles of the data of
every 7.5 ns

The change of APL over the 1100 ns trajectories is shown in Figure 39. In this figure,
two plateaus are observable for each profile, where the value of APL fluctuates around a
constant value. During the first 150 ns of the trajectory, before the permeation of the
molecules starts, a “pre-permeation” state was observed, which can be considered as a
thermodynamic metastable state. Even though the different systems reach the second plateau
over different time intervals, equilibrium was achieved after 800 ns in each case. This final
phase can be considered as a thermodynamically stable, “post-permeation” state. The
structural differences in the two states are also visible in Figure 40.
While EVL only has a slight effect on the APL, LAC2 and LAC3 decrease this value
significantly. In the case of LAC2 the change happens after 400 ns of the trajectory, while
for LAC3 the change lasts until about 600 ns. On the contrary, AC1 and AC2 gravely raise
the average value of APL. The change occurs the last in the case of AC1, after around 800 ns
of simulation time.
Based on these results two different states of the system can be distinguished, the
“pre-permeation” state, (see snapshots entitled as 100 ns in Figure 40) and the equilibrium
state, after the permeation of the molecules which was sampled for about the last 200 ns and
then analyzed in details. As two significantly different states of the same systems were
identified along the trajectories, they can be used to better understand the dynamical
evolution of the membrane permeation. The transition period between the two states were
excluded from the evaluation. For this reason, the membrane parameters at the beginning
(from now on referred to as 100 ns) and at the end (from now on referred to as 1100 ns) were
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also compared, where the parameters were obtained from the average over the specified time
ranges.
The snapshots of the equilibrated membranes are shown on Figure 40. As shown on
this figure, the solutes in all systems formed aggregates in the bulk phase, as a large droplet,
which occurred within the first 100 ns. Excluding the organic acids, no penetration of the
additional molecules was observed after the first 100 ns, which is also visible on the mass
density profiles of the solutes (Figure 42) The membrane structures seem to be mostly intact,
even though in the case of EVL and LAC2 the membrane is found to be in a somewhat
swollen state. However, all solutes have induced changes in the membrane properties
(Figure 43) as seen in the increase of APL and VPL and the decreasing membrane thickness.
As SCD values show in (Figure 44) the orderliness of the SN1 lipid tails increased in all
cases, but for SN2 only the presence of EVL increased the order of the lipid tails.

Figure 40 Snapshots of the simulated systems, after 100 ns and 1100 ns of simulation time.
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Figure 41 Mass density profiles of DPPC membranes in the presence of the products of the CO2 and
1,3-butadiene reaction, EVL, LAC2, LAC3, BDDi, AC1 and AC2 in respective order, based on the
average density distribution over 1100 ns simulation. Aside from the densities of the pollutants (red),
the membrane (blue) and water molecules (green), subgroups of the DPPC molecules have been
selected, namely the choline- (purple), phosphate- (grey), ester- (light green) and methyl-groups
(cyan).

Average mass densities of the second investigated state are shown in Figure 41, the
density profiles of the additives are shown on Figure 42, while the snapshots of the final
coordinates are shown in Figure 40. Over the 1100 ns trajectories - excluding BDDI - a
certain amount of the investigated molecules is found inside the membranes. Therefore, the
presence of BDDI has almost no effect on the membrane structural parameters. Even though
the VPL and DHH decreases slightly (VPLBDDI,1100ns = 1.090 nm3, DHH,BDDI,1100ns = 3.452 nm)
compared to those observed in the initial DPPC membranes (VPLDPPC = 1.214 nm3,
DHH,DPPC = 3.728 nm), the membrane structure still appears intact.
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Figure 42 Mass density profiles of the solutes along the membrane normal of DPPC membranes.
The left panel shows the average mass densities computed from 100 ns long production runs, while
the data on right panel is computed from 1100 ns simulation.

In the cases of AC1 and AC2, almost all molecules are found inside the membrane
bilayer, which is also visible in the density distributions of the compounds as shown in
Figure 42, (center and right of the bottom). The penetration of the compounds induces
critical changes in the membrane structure; as the acyl chains transform into a less ordered
conformation, the APL and VPL increase significantly, while the membrane thickness
decreases. This process shows resemblance to the previously investigated cases of 1,4dioxane, oxane, phenol and morpholine in Chapter 4.1.
In the case of EVL, the membrane structure undergoes slight structural changes.
Since only a small amount of the compound enters the bilayer over the whole trajectory, the
APL only increases slightly (APLEVL,1100 = 0.65 nm2) – compared to that at both the 100 ns
state (APLEVL,100 = 0.62 nm2) and in that observed in the pure DPPC membranes. At the
same time VPL and DHH increases slightly compared to the 100 ns states, while the lipid
chains become more ordered. However, the presence of LAC2 and LAC3 visibly disturb the
membrane structures. As seen in Figure 41, the distribution of the ester- and phosphategroups becomes irregular, while the order of the lipid tails increases significantly, especially
in the case of LAC2. Based on these, the opposite process takes place, as in the case of the
acidic components (AC1 and AC2); as the lipid order increases their relative length
increases, which increases the membrane thickness, while the APL and VPL decrease.
As the structure of membranes drastically change, it is possible that the presence of
EVL and LAC2 induces a phase transition from the Lα phase to the ripple phase (Pβ’), as it
was previously observed in involving other compounds. [335]–[338] However, the
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simulations were not designed to investigate phase changes, therefore, this parameter is
beyond the scope of this study.

Figure 43 Membrane properties of DPPC membranes in the presence of the products of the 1,3butadiene, CO2 reaction. Solid colors indicate results of 100 ns simulations coming from parallel
runs, while striped columns represent one time 1100 ns long simulations.

Figure 44 Deuterium order parameters after 100 ns and 1100 ns simulation.

By using Eq. 47 the membrane-bulk phase partition coefficients of the compounds were
calculated. In this study the obtained logPmem/bulk results are compared with the predicted
logKOW data in Table 9, since there is no measured value available. In this case even the
trends of these partition coefficients does not match. In this case even the trends of these
partition coefficients do not match. This can suggest that the hereby obtained results are
more appropriate for the estimation of passive membrane permeation, which is an
improvement over the predicted values.
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Table 9 Comparison of the calculated logPmem/bulk and estimated logKOW values of the derivatives of
the 1,3-butadiene-CO2 reaction
Name
logKOW

EVL
1.601 2.456
[196] [195]

LAC2
1.710 2.398
[196] [195]

LAC3
1.990 2.554
[196] [195]

BDDI
3.180 3.050
[196] [195]

AC1
1.960 2.273
[196] [195]

AC2
2.427
[195]

-0.45

-1.28

-1.23

-2.56

1.20

1.50

logPmem/bulk

4.2.3 Free energy profiles of the studied organic compounds
Free energy profiles of the compounds were obtained by both WT-MD and the densitybased approach for the more concentrated systems. As the behavior and structure of LAC2
and LAC3, and AC1 and AC2 was found to be so similar, only AC1 and EVL was
investigated along with EVL and BDDI by using WT-MD. Both the WT-MD and D2Ebased results were averaged for the two sides of the bilayer, resulting in symmetric free
energy profiles.
The density-based approach is proven to be an accurate method again, as the shape of
the profiles are alike, and in almost all cases (except for LAC2) the profiles are within the
limits of chemical accuracy. In the case of LAC2 a larger difference is observable at the
bilayer interior (|Z| = 2-1.5 nm), as the density-based free energy profile is significantly
lower (5.34 kJ/mol), than the WT-MD based one. This can be explained by the small number
of penetration events that occurred in the classical MD simulations; if the simulations were
further extended to enable more penetrations to be observed, the profile would presumably
be closer to the one obtained by WT-MD.
Out of the investigated molecules only the organic acids were able to penetrate the
membrane in larger amounts. As shown on the free energy profile of AC1 in Figure 45, their
most preferred position is within 1 nm of the bilayer center, while the bulk phase and the
bilayer center are less preferred. Out of the lactones, the main product of the butadiene +
CO2 reaction, EVL had the highest density in the bilayer interior ( ⟨𝜌𝐿𝐴𝐶1 ⟩ =
74.57 𝑘𝑔⁄𝑚3 , ⟨𝜌𝐿𝐴𝐶2 ⟩ = 15.70 𝑘𝑔⁄𝑚3 ). This is also supported by their free energy
profiles, as LAC2 has a higher free energy barrier when penetrating the headgroup region
by ~15 kJ/mol and at the bilayer center by almost 10 kJ/mol.
BDDI was basically unable to penetrate the bilayer in the higher concentration systems
(cBDDI = 115.67 g/dm3), which is explained by a 31.26 kJ/mol free energy barrier in the
region of the phospholipid headgroups. It is also less preferred for the compound to be
located at the bilayer center compared to the bulk phase, where the droplet of the further
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BDDI molecules are located. In this case no barrier to reaching the bilayer center is observed
due to the hydroapaticity of this molecule.

Figure 45 Free energy profiles of the investigated compounds obtained by WT-MD in two
concentrations (N=1, where one compound and N=100 where 100 molecules of the same species are
present in the vicinity of the membrane system) and the density based method (D2E), which is
obtained from the classical MD simulations.

In the case of all investigated molecules a concentration dependence of the penetration is
observable. As AC1 has the lowest water solubility, its relative free energy does not change
by the concentration, but the permeability barrier of the bilayer center is 10 kJ/mol lower in
the case of the highly concentrated system. In all the other cases a droplet was formed in the
bulk phase for the simulations at a higher concentration (N = 100). This makes the bulk
phase the preferred position of the molecules even if in the diluted cases a hydroapatic
behavior is shown. This phenomenon is most apparent in the cases of the butadiene dimer
(BDDI) and LAC2, as at both the site of the headgroups and at the bilayer center the free
energy barrier decreases by over 10 kJ/mol. The smallest concentration dependence of the
free energy profile is found in the case of EVL, where aside from the bulk phase no relevant
difference is seen. The further biological effects and metabolism of EVL is necessary to be
investigated due to the low energy barrier for passive penetration of EVL through
biomembranes before its intensive use.
By inspecting the free energy profiles of the diluted systems, two different behaviors
of the molecules are observable: in the case of AC1, the permeation of the molecules into
the bilayer is barrier-free, while in the other cases a free energy barrier inhibits the
dissolution of the molecules into the bilayer. The barrier-free free energy profile is also
observed in the cases of aspirin, diclofenac, ibuprofen [339] and melatonin [340] , and all
data was obtained by using WT-MD. While the mentioned molecules contain rings that may
be more structurally similar to the lactones, aspirin, diclofenac and ibuprofen are also
carboxylic acids, which induces a similarly shaped free energy of permeation profile as the
hereby investigated acids. In the case of melatonin most likely the dimensions and the
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placement of its functional groups lead to the similar shape of the profiles. The barrier
inhibited profiles resemble the free energy graphs of butyl nicotinate, 2-butoxyethanol or
diethylcarbamazine, all of which were obtained by COSMOmic15 on DMPC membranes.
[341]
4.2.4 Summary and Conclusions
In this work the interactions between different products of the reaction of CO2 and 1,3butadiene on model biomembranes comprised of DPPC molecules were investigated by
using OPLS-AA force field. MD simulations in the presence of 100 molecules of the same
species were carried out for 1100 ns. Over this time interval two different states of the
systems were found, one for the first 100 ns, and a second for the final 200 ns.
For all the investigated compounds their pure liquid densities and hydration free
energies have been determined for the first time. It was found, that the butadiene dimer has
the lowest density and highest hydration free energy.
In the concentrated systems, aside from BDDI, all compounds can penetrate
biomembranes, out of which the two acids prefer the membrane interior to the bulk phase.
All the other compounds formed droplets in the bulk phase. Even though BDDI does not
penetrate the bilayer, all of the investigated compounds disturbed the membrane structure.
The largest disturbance occurs in the presence of LAC2, where the membrane structure
resembled the ripple phase of the second stable membrane conformation.
By using WT-MD the free energy of permeation profiles of four of the compounds were
calculated, and it was found that LAC2 and BDDI have the highest permeation barriers, with
the only difference being that the butadiene dimer can move freely within the central region
of the bilayer. In all the investigated cases the penetration profiles show concentration
dependence, especially where droplet formation took place, which makes the bulk phase a
preferred position for the permeants. In general, it can be said, that at higher concentrations
the free energy barriers are lower than in the case of the diluted systems. The density-based
(D2E) free energy calculations were within chemical accuracy of those determined with the
WT-MD simulations, except in the case of LAC2. In the case of LAC2 the limit of chemical
accuracy was surpassed by about 1 kJ/mol, leading to a total of 5.34 kJ/mol difference
between the two profiles. All of this suggests that D2E is a usable method for a quick
estimation of the permeation profiles.
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4.3 CONCLUSIONS OF MEMBRANE PERMEATION STUDIES
On Figure 46 the free energy profiles and the logPmem/bulk values of all the investigated
compounds, where Ncompound=100, are shown. When inspecting the free energy of
permeation profiles, three different types occur based on the amount of free energy barriers
during the permeation process. In the cases of AC1 and PHE only one free energy barrier is
found in the bilayer center, which restrains the free movement of the additives. At the same
time these molecules permeate inside the bilayer spontaneously. In the cases of BDDI and
oxane two permeation limiting barriers are found in the position of the headgroups, while
these molecules diffuse freely in the bilayer center. Three free energy barriers are found in
the cases of EVL, 1,4-dioxane, morpholine and LAC2, which are located both at the position
of the headgroups and in the bilayer center.

Figure 46 Comparison of free energy profiles and logPmem/bulk values of the investigated molecules,
where Ncompound=100. Based on these data a permeation order of the molecules is set, which is
indicated by the 2D graph models of the compounds.

Based on the free energy profiles and the partition coefficients three different types of
molecules can be separated from the investigated species, with which a permeation order
can be set up. BDDI, LAC2 and LAC3 have the lowest logPmem/bulk values (under -1) and the
highest barriers of permeation. Even though LAC2 and 3 have similar functional groups as
EVL, a probable explanation for this phenomena can be the longer alkene chain on the cyclic
base of the molecules which prevents the compounds from penetrating the phospholipid
headgroups. The butadiene dimer is the only investigated species without any electron
acceptors or donors, which prevents it to form any favorable interactions with the
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phospholipid headgroups, but for the same reasons it is the only molecule which does not
have a free energy barrier in the bilayer center.
The partition coefficients of the second group have an intermediate value, but it’s still
below 0. This group consists of EVL, 1,4-dioxane and morpholine. In the cases of these
molecules two electron acceptors are found, which helps to establish secondary bonds with
the headgroups, making the first permeation barrier lower. At the same time in the bilayer
center these functional groups prevent the molecules from establishing strong interactions
with the lipid tails, creating a second permeation barrier in the bilayer center. While the
partition coefficient of dioxane and EVL are very close, the difference between their free
energy profiles is remarkable, which can be caused by the significant size difference of the
two molecules. This can serve as an explanation for the relevantly longer simulation time
needed for reaching an equilibrium structure during the simulation of EVL.
In the final group those molecules are found which have a positive partition coefficient,
such as oxane, phenol, AC1 and AC2, which means that the membrane permeation of these
compounds is spontaneous. A sole permeation barrier is found in these cases in the bilayer
center, where the penetration is blocked due to the various functional groups of the solutes.

Figure 47 Comparison of the free energy profiles where Ncompound = 1. On the upper panels the
comparison of Ncompound = 1 and Ncompound = 100 is shown.

As described in the previous chapters, several molecules form droplets in the bulk phase
when the concentration is high due to their limited solubility, which makes the bulk phase
the thermodynamically preferred state in these cases, and extra energy is required to exit this
favorable supramolecular configuration. To remove this factor, the membrane permeation of
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the compounds in an infinite dilution (Ncompound = 1) was also investigated in five cases as
shown in Figure 47. At the same time the membrane-bulk partition coefficient in these cases
cannot be calculated accurately due to the low amount of membrane permeation evens and
the D2E method is not usable.
The smallest change in the free energy profiles are found in the cases, where the
membrane permeation was found to be a spontaneous event at higher concentrations (AC1
and phenol), as these molecules are soluble in water in the used concentration. At the same
time the number of favorable interactions between the species and the bilayer did not change.
More relevant differences are visible in the cases of BDDI, EVL and LAC2. All of these
molecules formed droplets at higher concentration, which shows that their water solubility
is limited. In these cases the permeation barrier into the bilayer is significantly reduced, and
the thermodynamically favorable location becomes the inner site of the headgroups, where
the ester groups of phospholipids are found, where they can form secondary interactions.
Based on Mullins’s theory the volume fraction (V/Vcompound) of the 10 compounds at the
higher investigated concentrations were calculated in order to be able to select the possible
narcotics by using the following equation,
𝑉/𝑉𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 =

𝐻𝐻 /2
∑+𝐷
−𝐷𝐻𝐻 /2 𝑁𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑉𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑉𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

𝐸𝑞. 48

where Ncompound is the number of compounds in a small segment of the simulation box
obtained from their number density along the membrane normal by using the gmx density
module of GROMACS [79], Vcompound is the estimated volume of a given molecule calculated
from the molar mass and the density of a species, and Vmembrane is the membrane volume
obtained by the multiplication of the membrane thickness and the lateral dimensions of the
simulation box.
The obtained volume fractions of all the compounds are collected in Figure 48, and
the limit for narcotics from Mullins’s volume fraction theory is indicated. Based on our
findings aside from BDDI all molecules have potential to disturb the membrane functions
via narcosis. While the same groups exist just as in the case of the membrane permeation,
the order of the molecules are swapped. BDDI is the only molecules which do not act as a
narcotic in these model systems at the investigated concentrations, due to its high free energy
barrier of permeation and a low logPmem/bulk value. BDDI is followed by LAC2 and LAC3,
which have the lowest narcotic potential out of the In the second group the order of molecules
are swapped, as EVL occupies the largest volume fraction of the membrane due to its size.
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The compounds in the final group occupy over 0.1 volume fraction of the membrane, out of
which AC1 and AC2 occupy almost half of the volume of the bilayer.

Figure 48 Volume fraction of the investigated compounds where N=100 additives are present in the
simulation box.

Based on all these findings it is important to note that all of the investigated parameters
are highly dependent of the concentration of the solute molecules in the vicinity of the
membrane system. By using infinite dilution aside from the free energy profiles other
parameters cannot be computed due to the lack of permeation events. At the same time at a
given concentration the potential narcotic molecules can be selected based on Mullins’s
volume fraction theory, and a permeation order of the molecules can be set. In this work it
was shown that these molecules can permeate inside biomembranes, and extensive
investigation is needed to understand their cellular activity before their extensive use in
industrial processes.
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4.4 VAPOR LIQUID EQUILIBRIUM AND SUPERCRITICAL PHASE OF 1,3BUTADIENE
In industrial production reaction optimization can help to reduce the amount of
unnecessary chemicals, which also can be supported by using MD simulations. The goal of
this study was to optimize a simulation protocol for investigating the VLE and supercritical
phase of an industrially relevant compound, 1,3-butadiene, and to map molecular details
which could be of further help in industrial processes.
4.4.1 VLE and critical parameters of 1,3-butadiene

Figure 49 Density distributions and average densities of liquid and vapor phases calculated by
normal and lognormal fits respectively obtained from 2φMD simulations between 278 and 408 K,
and a snapshot from the equilibrated VLE of 1,3-butadiene at 318 K.

The Voronoi Tessellation based density distributions of the (2φ) slab simulations are
shown in Figure 49. The density analysis of each temperature from simulations has been
carried out for the last 10 ns of the equilibrated trajectories. From the obtained density
distributions the average gas phase and liquid phase densities have been obtained by fitting
a lognormal and normal function respectively (Figure 49). At lower temperatures the
distribution of both liquid and vapor phase densities can be found in a narrow density region,
well separated from each other, where the majority of the molecules are in liquid phase. As
temperature rises the two density regions become wider, the peaks get closer to each other,
and in the SCF region the two phases merge together providing a unified density distribution
at 408 K.
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4.4.2 Density based calculation of the critical temperature and density
The average liquid densities (ρl) and vapor densities (ρv) are depicted as a function of
temperature in Figure 50. As seen from this vapor-liquid equilibrium (VLE) curve, the
results obtained from the 2φ simulations are in agreement with the experimental values [326]
at every temperature within 5 kg/m3.

Figure 50 Equilibrium coexisting densities obtained from 2φMD and experiment, shown with black
diamonds and red squares, respectively. The difference and arithmetic mean of the calculated values
are also indicated with open diamonds and circles respectively, while the fitted functions (inverse of
the law of rectilinear diameters and Wegner equation for representation purposes) are shown with
solid and dashed lines (which is further projected to the critical point). The experimental
(Tc,exp = 425 K and ρc,exp = 245 kg/m3) and the calculated (Tc,ρ = 430.25 ± 2.50 K and
ρc,ρ = 234.25 ± 2.66 kg/m3) critical points are shown with red and black stars. All experimental data
have been taken from the Dortmund Databank [326]

The critical temperature and density of 1,3-butadiene were determined by fitting the
subcritical vapor and liquid densities to the first term of the Wegner expansion [218], [342]–
[345],
𝜌𝑙𝑖𝑞 − 𝜌𝑣𝑎𝑝

𝑇 𝛽
= 𝐵 (1 − )
𝑇𝑐

𝐸𝑞. 49

and to the law of rectilinear diameters [346], [218], [344]:
1
(𝜌 + 𝜌𝑣𝑎𝑝 ) = 𝜌𝑐 + 𝐴(𝑇𝑐 − 𝑇)
𝐸𝑞. 50
2 𝑙𝑖𝑞
In Equations 48 and 49, ρliq and ρvap stand for the densities of the liquid and vapor phases
respectively, while ρc and Tc are the critical pressure and temperature, respectively. A and B
are adjustable parameters of the equations, while β is the critical exponent for the order
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parameter of ρliq - ρvap. The value of the critical exponent is experimentally reported between
0.315 and 0.34 in general [347]. In this study we have used β = 0.32, which have been used
in previous simulation studies to obtain the VLE curve. [218], [348] The fitted curves and
values of the parameters of Eq. 49 and 50 are shown on Figure 50, where the inverse of the
functions had to be used for representative purposes, which made no difference in the
obtained critical properties. All fittings have been iterated using OriginPro 2018 [349]
applying orthogonal distance regression [350] algorithm.
The critical pressure was determined by fitting the Clausius-Clapeyron equation (Eq.
51) to the P0 vs. T data, and extrapolated to Tc.
𝐻𝑣

𝑃0 = 𝑒 𝑅𝑇+𝑐 𝑏𝑎𝑟
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where Hv is the heat of vaporization. At the VLE the pressure of the system is that of the
saturated vapor obtained from 2φMD simulations. [344] The experimental [326] and
calculated vapor pressure data and its Clausius-Clapeyron fit – with the obtained and
experimental critical point – are shown on Figure 51, where a good agreement can be seen
between the two data sets.

Figure 51 Vapor densities obtained from 2φMD and experiment, shown with black diamonds and
red squares, respectively. The Clausius-Clapeyron fit, the critical parameters derived from calculated
densities (Tc,ρ = 430.25 ± 2.50 K and Pc,ρ = 39.09 ± 0.73 bar) and experiment (Tc,exp = 425 K and
Pc,exp = 43.2 bar [351]) are also shown by black and red stars, respectively. All experimental data
have been taken from the Dortmund Databank [326]

The obtained critical properties are found to be in good agreement with experimental
values. The deviation of Tc is 1.5% (Tc,ρ = 430.25 ± 2.50 K vs. Tc,exp = 425 K [351]), ρc is
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4.5%

(ρc,calc = 234.25 ± 2.66 kg/m3

vs.

ρc,exp = 245 kg/m3),

and

Pc

is

10%

(Pc,ρ = 39.09 ± 0.73 bar vs. Pc,exp = 43.2 bar [351]), and the heat of vaporization is 4%
(Hv,calc = 20.65 ± 0.41 kJ/mol vs. Hv,exp = 21.47 kJ/mol [351]) from the experimental values.
This data indicates that the hereby used model and methods can capture the important
properties of 1,3-butadiene from the VLE to the critical point.
4.4.3 Critical parameters based on thermochemical properties
Alternatively, the critical temperature can be also obtained by calculating the surface
tension (γ) from the VLE to the critical point, as surface tension drops to zero as coexisting
phases – thus surfaces – disappear. By extrapolating a linear fit of γ(T) to the point where
γ = 0 mN/m, Tc can be predicted. [344] Surface tension have been calculated as implemented
in GROMACS [79], from the difference between normal and lateral pressure
𝛾(𝑡) =

𝑃𝑥 (𝑡) + 𝑃𝑦 (𝑡)
𝐿𝑧
{𝑃𝑧 (𝑡) −
}
𝑛
2
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where Lz is the length of the simulation box in Z direction, n is the number of surfaces (n =
2 in this case as two liquid-vapor interfaces appear in each simulation boxes), and Px, Py and
Pz are the pressure components along X, Y and Z directions. The calculated surface tension
values are in good agreement with the available data from experiments, as
γ298K,exp = 12.49 mN/m

[352]

and

γ298K,calc = 14.25±1.30 mN/m,

which

means

an

approximately 14% deviation. This surface tension value and its deviation from the
experiment is small compared to other organic molecules such as methylamine (42.4 mN/m
with 3 mN/m deviation reported in Ref. [353]) and formamide (58.2 mN/m underestimated
by 9.2 mN/m in Ref. [354]). For a one component system temperature dependence of the
surface tension can be describe by a linear term (Eq. 46), in which the slope of the function
represents the surface excess entropy (Sγ) and the intercept the surface excess enthalpy (Hγ),
which are independent of the temperature. [355]
γ(T) = 𝐻γ − TSγ

𝐸𝑞. 53

The obtained surface tension values of 1,3-butadiene from the slab simulations
between 278-408 K are shown on Figure 52, along with the extrapolated linear fit and the
95% confidence intervals of the data. The obtained values of γ are getting noisy at higher
temperatures and the obtained Tc (Tc,γ = 409.56 ± 3.76 K) is way below the previously
obtained critical temperature from the Wegner-equation (Tc,ρ = 430.25 ± 2.50 K) and also
from the experimental values (Tc,exp = 425 K).
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Figure 52 Slope of surface-tension on the temperature of 1,3-butadiene in the subcritical region. The
linear fit and the 95% confidence interval of the fit are also shown. By the extrapolation of the linear
fit to γ = 0 mN/m Tc,γ was predicted to be 409.56 ± 3.76 K.

Linear temperature dependence of the potential energy of the entire system can be
also used for the determination of the critical temperature (Tc,Epot), although the state of the
system needs to be assigned (system belongs either VLE or SC). If this classification is made,
then the intersection of the two lines will determine the Tc,Epot value as shown in Figure 53.
In this case, the obtained Tc,Epot coincided with the experimental value (425.0 K).

Figure 53 The dependence of potential energy of 1,3-butadiene on temperature. All data has been
obtained from 2φ simulations. Two linear fits have been added to the diagram at the break points of
the data set, representing the regions where the vapor and liquid phases are clearly distinguishable,
and after the two phases merge together. At the intersection of the lines the critical temperature can
be obtained (Tc = 425.0 K)

4.4.4 Partitioning of molecules
As Figure 49 shown, when the temperature of the system rises, the liquid phase gets
less dense, the Voronoi vertices of the molecules become larger, and rmax,liq also grows. At
the same time more molecules evaporate to the vapor phase and liquid-like droplets appear,
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which can be seen as a group of ‘phase transferring’ molecules (Figure 54). The distribution
of 1,3-butadiene molecules between the different phases and the rmax,liq values in different
temperatures are found in Table 10.

Figure 54 The selection of liquid, vapor and “phase transferring” molecules from 278 K-388 K.
White indicates liquid, red indicates vapor and blue indicates ‘phase transferring’ molecules. The
value of α was 10%.
Table 10 The distribution of 1,3-butadiene molecules between the different phases and the obtained
rmax,liq values at the investigated temperatures. The derived specific molar surface area (Aγ) and molar
surface excess enthalpy (Hm,γ), entropy (Sm,γ) and Gibbs free energy (Gm,γ) are also given.
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By selecting the ‘phase transferring’ molecules at each temperature, it is clearly
observable from Figure 54 that at lower temperatures, from 278 K-318 K, these molecules
are identical to the surface molecules, thus the molar surface area (Aγ) of the 1,3-butadiene
molecules can be calculated in the following way:
𝐴𝛾 =

2 × 𝐿𝑥 × 𝐿𝑦
〈𝑁𝛾 〉

𝐸𝑞. 54

where Lx and Ly are the x and y dimensions of the simulation box, and 〈𝑁𝛾 〉 is the average
number of ‘phase transferring’ molecules. As seen from Table 10, the molar surface excess
enthalpy (Hm,γ) and entropy (Sm,γ) can be calculated from the surface excess thermochemical
properties by means of Aγ values:
𝐻𝑚,𝛾 = 𝐻𝛾 × 𝐴𝛾

𝐸𝑞. 55

𝑆𝑚,𝛾 = 𝑆𝛾 × 𝐴𝛾

𝐸𝑞. 56

As shown in Table 10, the calculated molar surface excess enthalpy and entropy are
constant in the range of 278 K to 318 K: the value of 𝐻𝑚,𝛾 is 12.5 kJ/mol while 𝑆𝑚,𝛾 is
29.8 J/molK. As seen on Figure 54, above 318 K in the vapor phase small liquid-like
droplets of 1,3-butadiene molecules appear which are considered to be ‘phase transferring’,
which phenomena make it meaningless to calculate thermochemical surface properties by
this method. 𝐺𝑚,𝛾 has also been calculated for the lower temperatures, and it was found to
be linearly decreasing as temperature rises.
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4.4.5 Temperature and pressure dependence of the specific surface area of 1,3butadiene

Figure 55 Pressure dependence of Specific Surface Area (SSA) of 1,3-butadiene in supercritical
conditions.

Figure 56 Temperature dependence of Specific Surface Area (SSA) of 1,3-butadiene in sub- and
supercritical conditions, from 278-510 K. The values of SSA are obtained from NPT liquid and
supercritical simulations. The SSA values are indicated with black diamonds, and the supercritical
point is indicated with a black star.

Although, no macroscopic surface can be defined at the supercritical condition,
instantaneous formation of cavities in supercritical fluids can be identified and their surfaces
act as a dynamic internal surface of the system at the molecular scale. The size of the
(external and internal) molecular surface of the system can be estimated via solventaccessible surface area (SASA) calculation. Average solvent-accessible surface area (SASA)
over the NPT trajectory was calculated and converted into Specific Surface Area (SSA) by
dividing it by the number of molecules in the simulation system and by the molar mass of
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1,3-butadiene. In SASA calculation the molecular surface was determined with a probe
radius of 1.4 Å using the Eisenhaber algorithm. [356] By raising the pressure, the individual
molecules get closer to each other and form a liquid-like structure and the SSA becomes
lower (Figure 55). On the contrary, the molecules get further away from each other by
increasing temperature, forming a vapor-like structure and the SSA becomes higher (Figure
56). On the temperature dependence of the SSA the following empiric equation can be fitted:
𝑆𝑆𝐴(𝑇) = 𝑎𝑇 − 𝑏 × arctan(𝑐(𝑇𝑐 − 𝑇))

𝐸𝑞. 57

where a, b and c are fitting parameters, and Tc,SSA (426.50 K) can be obtained - found at the
steepest part of the function - which shows within 1% of deviation from the experimental
value of Tc. The theoretical limit of the total molecular surface of the system can be obtained
by assuming that none of the 1,3-butadiene molecules have any contact with the others which
results in the value of SSA as large as 24944 m2/g for 1,3-butadiene system. At the critical
point, the SSATc is 10660.26 m2/g which is 42.74% of the maximum value, while it goes up
to 77.71% at 510 K (SSA510K = 19383.53 m2/g).
4.4.6 Summary and Conclusions
In this work the OPLS-AA force field parameters of 1,3-butadiene with 1.14*CM1A
partial atomic charges obtained from the LigParGen [313]–[315] webserver have been tested
in a wide range of temperatures (278-510 K) and pressures (43-93 bar). In the subcritical
region the methodology of 2φMD have been followed, which produced excellent agreement
with experimental results in density, pressure, surface tension and potential energy values.
Table 11 Comparison of the critical properties of 1,3-butadiene obtained by different methods

Method
experimental [326]
ρ based
γ based
Epot based
SSA based

Tc (K)
425
430.25
409.56
425.00
426.50

Pc (bar)
43.2
39.16
29.26
36.47
37.22

Throughout this work several different methods have been introduced to calculate
critical temperature (Table 11), from which with the help of Clausius-Clapeyron equation
the critical pressure and the heat of vaporization was calculated as shown in Figure 51. The
calculated value of Hv shows excellent match with experimentally available data. While
based on the potential energy (Epot) Tc,exp can be reproduced perfectly, Pc is underestimated
by 18.5% compared to the experimental value. The surface tension (γ) based prediction of
Tc and Pc proven to be the most inaccurate even if the calculated surface tension values were
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found to be in good agreement with experiments. The SSA based calculation of the critical
temperature seems to be also a good option for calculating the critical temperature as it
matches the experimental value with 99% accuracy, but again, the critical pressure is 16.05%
away from the experimental value. In the case of 1,3-butadiene the density based calculations
of the parameters seemed to be the best alternative, as experimental Tc and Pc were
reproduced within 1.1% and 9.6% error, respectively. Out of these results it is clearly visible
that the higher sampling range and the right choice of force field can improve the quality of
the calculated critical data, but the uncertainty of the fitting parameters can divert the
obtained data significantly.
The methodology, force field and set up introduced in this study combined with the
TraPPE model for CO2 [224], [348] can be used in the future for the investigation of the
VLE of the binary mixture of CO2 and 1,3-butadiene, in order to better understand the
formation of EVL.
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5 SUMMARY
The chemical industry produces a grave amount of substances annually, out of which a
non-negligible portion is released into the environment, leading to ascendant environmental
stress. At the same time the health and environmental effects of most chemicals is yet to be
understood. For the support of environmental and toxicological sciences, the effect and
structure of chemically inert industrial compounds can be characterized by using the tools of
computational chemistry.
Throughout my work the passive membrane permeation of 10 industrially relevant
compounds – 1,4-dioxane, morpholine, oxane, phenol, 3-ethylidene-6-vinyltetrahydro-2Hpyran-2-one (EVL), octa-1,3,7-triene (BDDI), 2-vinylhepta-4,6-dienoic acid (AC1), 2ethylhepta-4,6-dienoic

acid

(AC2),

3-ethylidene-2-methylene-5-(prop-1-en-1-yl)-

dihydrofuran (LAC2) and 3-ethyl-5-propylidenefuran-2-on (LAC3) – have been
investigated by the means of molecular dynamics (MD), and their membrane structure
altering capability was described in detail. In all of the investigated cases it was found that
the compounds can permeate inside model, DPPC composed biological membranes, and
promote changes in the bilayer structure. In the cases of EVL, BDDI, LAC2 and LAC3
droplet formation in the bulk phase was inspected.
In the case of 8 compounds the free energy of membrane permeation profile was
obtained by using enhanced sampling methods – Metadynamics and Well-Tempered
Metadynamics – and also a density based method. It was found that the density based free
energy calculation matches the results of the tried methods within the limits of chemical
accuracy – except in the case of LAC2 - while it can be significantly faster. Three different
types of free energy profiles were found in the case of the investigated compounds based on
the number of free energy barriers: one free energy barrier was found in the cases of phenol
and AC1; two barriers in the cases of BDDI and oxane; and three barriers for EVL, LAC2,
1,4-dioxane and morpholine.
The membrane/bulk phase partition coefficient and membrane volume fraction was
calculated for all the molecules. Based on these parameters and the free energy profiles a
permeation order of the molecules can be established. In this order three different types of
molecules were separated from each other: molecules which don’t permeate into the
membrane due to their high free energy barriers and low partition coefficient (BDDI, LAC2
and LAC3); molecules which are able to permeate the bilayer, have moderate permeation
barriers and slightly negative partition coefficients (EVL, 1,4-dioxane and morpholine); and
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molecules which can spontaneously diffuse into the bilayer without a free energy barrier,
and have positive partition coefficients (phenol, oxane, AC1 and AC2). Based on the volume
fraction theory aside from BDDI, all molecules act as a narcotic in the set simulation
environment.
In the case of six compounds – 1,4-dioxane, phenol, 3-ethylidene-6-vinyltetrahydro2H-pyran-2-one, octa-1,3,7-triene, 2-vinylhepta-4,6-dienoic acid and 3-ethylidene-2methylene-5-(prop-1-en-1-yl)-dihydrofuran – the concentration dependence of the
permeation profile was investigated. In the case of compounds with limited water solubility,
the free energy barrier at the membrane headgroups significantly decrease at a lower
concentration, and their thermodynamically most favored position becomes the inner site of
the headgroups, where the ester groups of the phospholipids are found. In contrast where no
aggregate or droplet formation is observed, the free energy barriers increase in infinite
dilution.
In the cases of 1,4-dioxane, morpholine, phenol and oxane the presence of the
additives on the permeation of water molecules was also analyzed by using WT-MD. It was
found, that the membrane structure altering mechanism of the compounds in question make
the free energy of permeation barrier for water molecules significantly lower, which also
shows in the rising amount of water molecules in the bilayer center. In the case of oxane –
which only has two permeation barriers - it means that 5 times more water molecules are
found in the central region compared to additive free model DPPC membranes.
The vapor-liquid equilibria and supercritical phase of 1,3-butadiene was described at
various temperatures (273-510 K) and pressures (43-93 bar) by using two-phase MD. To be
able to accurately predict the vapor and liquid densities of 1,3-butadiene from the slab
simulations and to select the phase transferring molecules, I have elaborated a new method,
where with a single parameter, the molecules of different phases can be separated based on
the sphericity of their Voronoi polygons. By using this method, the vapor and liquid densities
of the VLE-curve and supercritical point were reproduced within 10 % compared to
experimental values Additionally several methods have been tried for obtaining the
supercritical point of 1,3-butadiene, out of which the density based method prove to be the
most accurate. By pairing the used methods and model with an appropriate CO2 force field,
their two-component system could be investigated in detail at different compositions and
environment, in order to understand the reaction, and fine-tune it towards higher EVL
selectivity.
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6 ÖSSZEFOGLALÓ
A vegyipar minden évben jelentős mennyiségű kemikáliát állít elő. Ennek nem
elhanyagolható része kerül a környezetbe kezeletlenül, ami egyre növekvő környezeti
stresszhez vezet, hiszen a legtöbb vegyi anyag egészségügyi és környezeti hatásait még nem
ismerjük. A környezeti- és toxikológiai tudományok támogatása érdekében az inert ipari
vegyületek hatását és szerkezetét a számításos kémia eszközeivel jól jellemezhetjük.
Munkám során 10 iparilag releváns vegyület - 1,4-dioxán, morfolin, oxán, fenol, 3etilidén-6-viniltetrahidro-2H-pirán-2-on (EVL), okta-1,3,7-trién (BDDI), 2-vinilhepta-4,6dienoesav (AC1), 2-etilhepta-4, 6-diensav (AC2), 3-etilidén-2-metilén-5-(prop-1-en-1-il)dihidrofurán

(LAC2)

és

3-etil-5-propilidén-furán-2-on

(LAC3)

-

passzív

membránpermeációját vizsgáltam a molekuladinamika (MD) módszertanával és részletesen
leírtam ezen vegyületek membránszerkezet-változtató képességét. Valamennyi esetben
megállapítható, hogy a vegyületek képesek a modell, DPPC foszfolipidekből álló biológiai
membránok belsejébe hatolni, ami által a kettősréteg szerkezete megváltozik. Az EVL,
BDDI, LAC2 és LAC3 esetében cseppképződés tapasztalható a vizes fázisban.
8 vegyület esetében a membránpermeáció szabad energia profilját fokozott mintavételi
eljárások – ’Metadinamika’ és ’Well-Tempered Metadinamika’ -, valamint egy sűrűség
alapú módszer felhasználásával kaptam meg. Megállapítható, hogy a sűrűség alapú
szabadenergia-számítás a kémiai pontosság határain belül - a LAC2 kivételével megegyezik a további módszerek eredményeivel, miközben jelentősen gyorsabb. A vizsgált
vegyületek esetében a szabadenergia-gátak száma alapján három különböző típusú
szabadenergia-profilt találtunk: a fenol és az AC1 esetében egy, a BDDI és az oxán esetében
kettő, az EVL, az LAC2, az 1,4-dioxán és a morfolin esetében pedig három szabadenergiagát található.
A membrán/víz megoszlási hányadost és a vegyület membránon belüli térfogatarányát
minden molekula esetén kiszámítottam. Ezen paraméterek és a szabadenergia-profilok
alapján egy permeációs sorrendet állíthatunk fel. Három különböző típusú anyagot
különíthetünk el egymástól: azok a molekulák, amelyek magas szabadenergia-gátjuk és
alacsony megoszlási együtthatójuk miatt nem képesek beoldódni a membránba (BDDI,
LAC2 és LAC3); azok a molekulák, amelyek képesek áthatolni a kettősrétegen, közepes
permeációs gátakkal és enyhén negatív megoszlási együtthatóval rendelkeznek (EVL, 1,4dioxán és morfolin); illetve azok a molekulák, amelyek spontán diffundálnak a kettősrétegbe
energiagát nélkül, melyek megoszlási együtthatója pozitív (fenol, oxán, AC1 és AC2). A
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térfogatarány-elmélet alapján a BDDI-n kívül minden molekula narkotikus viselkedést
mutat az alkalmazott szimulációs környezetben.
Hat vegyület - 1,4-dioxán, fenol, 3-etilidén-6-viniltetrahidro-2H-pirán-2-on, okta-1,3,7trién, 2-vinilhepta-4,6-diensav és 3-etilidén-2-metilén-5-(prop-1-en-1-il)-dihidrofurán esetében megvizsgáltam a beoldódási profil koncentrációfüggését. A korlátozott
vízoldékonyságú vegyületek esetében a szabadenergia-gát a membránfejcsoportoknál
alacsonyabb koncentráció esetén jelentős mértékben csökken, így a termodinamikailag
legkedvezőbb pozíciójuk a fejcsoportok belső oldala lesz, ahol a foszfolipidek
észtercsoportjai találhatók. Ezzel szemben azon molekulák esetében, ahol nem figyelhető
meg aggregátum- vagy cseppképződés, a szabadenergia-gátak végtelen hígítás esetén
jelentősen megnövekednek.
Az 1,4-dioxán, a morfolin, a fenol és az oxán esetében az adalékanyagok vízmolekulák
permeációjára gyakorolt hatását is elemeztem WT-MD segítségével. Megállapítható, hogy
a szóban forgó vegyületek membránszerkezetet módosító mechanizmusa jelentősen
csökkenti a vízmolekulák permeációs gátjának szabadenergiáját, ami a vízmolekulák
membránon belül található mennyiségében is megmutatkozik: Az oxán esetében - amelynek
csak két permeációs gátja van - ez azt jelenti, hogy a központi régióban ötször több
vízmolekula található, mint az adalékmentes DPPC membrán modellben.
Az 1,3-butadién gőz-folyadék egyensúlyi (VLE) állapotát és szuperkritikus fázisát
különböző hőmérsékleteken (273-510 K) és nyomáson (43-93 bar) kétfázisú MD
segítségével vizsgáltam. Annak érdekében, hogy a kétfázisú szimulációk alapján az 1,3butadién gőz- és folyadéksűrűségét pontosan megállapíthassam, és a fázist váltó molekulákat
kiválaszthassam, egy új módszert dolgoztam ki, ahol egyetlen paraméter segítségével a
különböző fázisok molekulái a hozzájuk tartózó Voronoi-poligonok gömbszerűsége alapján
elkülöníthetővé válnak. A módszert felhasználva a VLE-görbe és a szuperkritikus pont
kísérleti értékei 10 %-on belül reprodukálhatóak voltak 1,3-butadién esetén. Emellett több
módszert is teszteltem az 1,3-butadién szuperkritikus pontjának meghatározására, amelyek
közül a sűrűségen alapuló módszer bizonyult a legpontosabbnak. Ha az alkalmazott
módszereket és butadién modellt megfelelő CO2 erőtérrel párosítjuk a jövőben, a két
komponensű rendszerük részletesen vizsgálható lesz különböző összetételek és környezeti
paraméterek mellett. Ezáltal lehetővé válik a reakció megértése és a reakció finomhangolása
a nagyobb EVL-szelektivitás érdekében.
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7 NEW SCIENTIFIC RESULTS – THESES
1. The free energy of membrane permeation profile of the investigated compounds
can be classified into three groups.
The membrane permeation of eight industrially relevant compounds (1,4-dioxane, phenol,
oxane, morpholine, 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL), octa-1,3,7triene (BDDI), 2-vinylhepta-4,6-dienoic acid (AC1), 3-ethylidene-2-methylene-5-(prop-1en-1-yl)-dihydrofuran (LAC2)) into DPPC composed bilayers were investigated via WellTempered Metadynamics. In each cases 100 additives were inserted into the simulation box.
Based on the profiles three different types can be specified: with one free energy barrier - in
the cases of AC1 and phenol - which is found in the bilayer center; with two free energy
barriers - in the cases of oxane and BDDI – which is found at the headgroups region; and
with three free energy barriers, in the cases of EVL, 1,4-dioxane, morpholine and LAC2,
where the barriers are found at the headgroups region and in the bilayer center.
2. The free energy of membrane permeation profile of the investigated compounds
show concentration dependence.
The concentration dependence of the membrane permeation of six industrially relevant
compounds (1,4-dioxane, phenol, 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL),
octa-1,3,7-triene (BDDI), 2-vinylhepta-4,6-dienoic acid (AC1), 3-ethylidene-2-methylene5-(prop-1-en-1-yl)-dihydrofuran (LAC2)) into DPPC composed bilayers were investigated
by using Metadynamics and Well-Tempered Metadynamics. In all the cases it was found
that the permeation profiles are affected by the permeant concentration. When – due to the
limited solubility of the permeant – a liquid droplet is formed in the bulk phase, the free
energy barrier increases at a higher concentration; at the same time in the cases of highly
soluble and miscible compounds the free energy barrier in the bilayer center decreases at
higher concentration.
3. The presence of additives can affect the free energy of membrane permeation
profile of water molecules.
In the cases of 1,4-dioxane, phenol, oxane and morpholine the free energy of membrane
permeation of water molecules into DPPC composed model membranes was calculated by
using Well-Tempered Metadynamics. It was found that water molecules have a lower
permeation barrier when the membrane structure is altered due to the presence of additives.
Parallel to the lower free energy barrier, a significantly higher amount of water molecules
was found inside the bilayer, which in the presence of oxane – which have a
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thermodynamically favored position in the bilayer center – exceeded 5 times the amount of
molecules compared to the additive free DPPC membranes.
4. Density based free energy of membrane permeation calculations can be a
reasonable alternative to enhanced sampling methods.
The membrane permeation of eight industrially relevant compounds (1,4-dioxane, phenol,
oxane, morpholine, 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL), octa-1,3,7triene (BDDI), 2-vinylhepta-4,6-dienoic acid (AC1), 3-ethylidene-2-methylene-5-(prop-1en-1-yl)-dihydrofuran (LAC2)) into DPPC composed bilayers were investigated via WellTempered Metadynamics and a density based approach (D2E). In this method the free
energy profile is obtained based on the density distribution of the investigated compounds
in the simulation box along the membrane normal. In almost all cases the permeation profile
obtained by WT-MD and D2E were within the limits of chemical accuracy, except in the
case of LAC2, where the maximum deviation was 5.4 kJ/mol. Based on these results the
application of density based free energy of permeation calculations could be a reasonable
alternative – or first guess – in the cases of small, neutral molecules.
5. Based on the free energy profiles and membrane/bulk partition coefficients, a
permeation order of the molecules can be established.
The membrane/bulk phase partition coefficient and membrane volume fraction was
calculated for 1,4-dioxane, phenol, oxane, morpholine, 3-ethylidene-6-vinyltetrahydro-2Hpyran-2-one (EVL), octa-1,3,7-triene (BDDI), 2-vinylhepta-4,6-dienoic acid (AC1), 2ethylidenehepta-4,6-dienoic acid (AC2), 3-ethylidene-2-methylene-5-(prop-1-en-1-yl)dihydrofuran (LAC2), 3-ethyl-5-propylidenefuran-2-one (LAC3) from classical molecular
dynamics simulations. Based on these parameters and the free energy profiles, a permeation
order of the molecules can be established. In this order three different types of molecules
were separated from each other: molecules which don’t permeate into the membrane due to
their high free energy barriers and low partition coefficient (BDDI, LAC2 and LAC3);
molecules which are able to permeate the bilayer, have moderate permeation barriers and
slightly negative partition coefficients (EVL, 1,4-dioxane and morpholine); and molecules
which can spontaneously diffuse into the bilayer without a free energy barrier, and have
positive partition coefficients (phenol, oxane, AC1 and AC2). Based on Mullins’s volume
fraction theory aside from BDDI, all molecules act as a narcotic in the used simulation
environment.
6. Vapor, Liquid and Phase transferring molecules were separated from each
other based on sphericity in the case of 1,3-butadiene in the Vapor-Liquid
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Equilibria. By using this method experimentally available densities in the VLE
and the supercritical point was reproduced within 10% of deviation.
I have developed a new method for classifying molecules in the vapor-liquid equilibria,
which is able to specify the phase changing molecules. The method is based on the sphericity
of the Voronoi polygons generated for each molecule in a slab simulation. The method was
applied in the case of 1,3-butadiene, in the temperature range of 278-408 K, and the
experimentally available densities were reproduced within 5 kg/m3. On the computed dataset
the law of rectilinear diameters and the Wegner equation was applied and the supercritical
temperature and density were obtained within 10% of deviation.
7. The temperature dependence of Specific Surface Area in the Vapor-Liquid
Equilibria can be used to obtain the supercritical temperature.
The temperature dependence of Specific Surface Area (SSA) in the Vapor-Liquid Equilibria
was investigated in the case of 1,3-butadiene, and it was found that an empirical equation
can be fitted on this diagram:
𝑆𝑆𝐴(𝑇) = 𝑎𝑇 − 𝑏 × arctan(𝑐(𝑇𝑐 − 𝑇))
From this Tc,SSA = 426.50 K was obtained, which is within 1% of deviation from the
experimental value of the supercritical temperature. At the same time the theoretical limit of
the total molecular surface of the system can be obtained by assuming that none of the 1,3butadiene molecules have any contact with the others; which results in the value of SSA as
large as 24944 m2/g for 1,3-butadiene. At the critical point, the SSATc is 10660.26 m2/g which
is 42.74% of the maximum value, while it goes up to 77.71% at 510 K
(SSA510K = 19383.53 m2/g).
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